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ABSTRACT
The goal of this project was to synthesize a carborane-containing sulfone 
polymer (PCSU) from a carborane and a chlorophenyl sulfone. Two kinds of 
polymerizations were attempted, a poly condensation and a phase-transfer catalysis 
(PTC).
Hydrogen-containing polymeric materials are best for shielding against 
galactic cosmic rays (GCRs) because hydrogen has the highest electron density per 
unit mass of any absorber. Hydrogen is also the best element to reduce the kinetic 
energy of neutrons. Therefore, when energetic neutrons, formed by the break-up 
of the heavy particle components of GCRs, come in contact with materials 
containing hydrogen, they can lose energy efficiently and become thermal 
neutrons. The beauty of making a polymer with a carborane monomer is that an 
isotope of boron, 10B, has a very high thermal neutron capture probability. The 
neutrons react with 10B and the emitted particles are nonradioactive and can be 
stopped within the shield thickness.
Initially, the polycondensation was attempted using the 1,2- 
bis(hydroxymethyl)-o-carborane (BHMC) monomer. However, the reaction was 
unsuccessful. It was reasoned that the salt of BHMC would react more favorably 
with 4-chlorophenyl sulfone (DCDPS), than BHMC, in the polymerization 
reaction. The disodium salt of the BHMC monomer was synthesized and isolated.
However, the poly condensation of the PCSU polymer, using the disodium 
salt of BHMC and DCDPS, was also found to be unsuccessful under the conditions 
described in Chapter IV. This reslut may be due to the polymerization conditions 
used or the unreactivity of the BHMC salt.
A phase-transfer catalysis (PTC) was then attempted, using dicyclohexyl-18- 
crown-6 as the phase-transfer catalyst. The characterizations performed on the 
product, at the College, seemed to indicate that at least an oligomer was formed, 
although a high molecular weight polymer was not. Preliminary results from 
elemental analysis, performed by Galbraith Laboratories, indicated that boron and 
sulfur were present in the phase-transfer product. The reported value and the 
calculated value for the percent of carbon in the product were very similar, 
although some of the other elements reported varied greatly. However, because 
of the difficulty in solubilizing the product, more tests are currently being 
conducted by Galbraith to get more precise values.
SYNTHESIS AND CHARACTERIZATION OF 
POLY(CARBORANE-SULFONE)
INTRODUCTION
Materials used for aerospace applications need to be hardy and resistant to 
many phenomena in the Earth’s atmosphere and beyond. Two such phenomena 
are cosmic rays, encountered beyond the Earth’s magnetic field, and atomic 
oxygen in the low-Earth orbit (LEO).
The goal of the space program is to "boldly go where no one has gone 
before," and make interplanetary travel a reality. Plans such as manned missions 
to the Earth’s moon and even to Mars and its satellites are being considered. 
However, sufficient shielding against cosmic rays is required. These space 
radiations are highly penetrating and damaging to the spacecraft materials, the 
sensitive instrumentation, and especially to the crew aboard the ship. To illustrate 
the effects of cosmic rays in space, a photograph of the helmet worn by the Apollo 
12 astronauts can be seen in Figure 1.1. It has been calculated that a journey to 
Mars would destroy about 0.1% of the cerebral cortex1. However, the shielding 
conditions under which the degradation occurs were not specified.
The cerebral cortex is the part of the brain that covers the cerebral 
hemispheres, similar to the rind of an orange. It is believed that cognitive
2
3functions such as those which control movement, tactile sensations and body 
image, future actions, vision, hearing, learning, memory, and emotion are located 
in the cortex2. Brain functions relating to language, such as the understanding and 
production of speech and formation of words, are primarily located in the cerebral 
cortex as well. Any of these functions can be retarded or damaged by cosmic 
rays.
Figure 1.1 Holes in a space helmet caused by high energy cosmic rays.
About 93 % of primary cosmic radiation comes from high energy nuclear 
particles. The other 7% consists of electromagnetic radiation (gamma-rays, X- 
rays, visible light) and electrons1. The high energy nuclear particles consist
4mainly of protons and alpha particles, with a small fraction of heavy ions, with 
atomic numbers (Z) greater than 10.
The cosmic radiation can be divided into two groups according to their 
energies1. The first are low energy particles (below 1 GeV3), consisting mostly 
of protons, that originate from our sun. The second group are high energy 
particles (up to 1010 GeV) which are galactic in origin, called the galactic cosmic 
rays (GCR). These high energy particles are thought to obtain their high kinetic 
energies from synchrotron acceleration, i.e., acceleration generated by passing 
through the magnetic field of galactic objects such as a star.
When the high energy GCRs encounter an object, for example, the hull of 
a space ship, they are absorbed. However, a large number of new, highly ionizing 
particles are formed, which are either deflected or can penetrate the hull and pass 
through to the interior of the craft. These high energy components, formed from 
the absorption process of GCRs, are known as secondary particles, and consist 
largely of neutrons and protons. Exposure to these energetic particles is the main 
source of absorbed radiation. Therefore, protection from these secondary particles 
is required.
A theoretical study of the exposure limits for deep-space exploratory
3GeV stands for giga-electron volt; giga = 109.
5missions was conducted by Townsend et al.4, using the proposed annual limits for 
Space Station Freedom. According to these guidelines, the accepted annual dose 
equivalents are 3 sieverts (Sv) for skin, 2 Sv for eyes, and 0.5 Sv for the blood 
forming organs (BFO). During solar maxima these limits are not exceeded; 
however, during solar minima, the BFO requirement is exceeded.
The solar cycle of our Sun is about 11 years. There has been found to be 
an inverse relationship between solar activity and cosmic ray intensity5. The sun 
ejects clouds of particles, forming an electromagnetic field that can provide 
protection from cosmic radiation. During solar minima, there is a thinner layer 
of protection because there is less solar activity reaching Earth and the surrounding 
planets. However, during solar maxima, the majority of the cosmic rays are 
deflected, allowing few rays to penetrate the electromagnetic barrier.
The sievert is a unit of dose equivalent and is equal to an absorbed dose of 
one gray (Gy) multiplied by a quality factor (Q). To illustrate,
dose equivalent in Sv =  dose in Gy x Q
where one Gy is the absorbed dose or amount of radiation that will deposit one 
joule (J) of energy in one kilogram (kg) of absorbing matter. Q is the quality
6factor6, which measures how various radiations, of the same intensity, react with 
a given material. As shown in Table l . l 7, the reaction of an alpha particle with 
a material is 20 times more damaging than the reaction of X-rays or gamma-rays 
with the same material. Therefore, damage to materials depends both on the type 
of radiation and the absorbed dose.
Table 1.1 Different types of radiation and their Q values.
Radiation Q
X- and gamma-rays 1
neutrons, thermal 2
neutrons, fast 10
alpha particles 20
protons 10
A theoretical study on radiation exposures to the blood-forming organs 
(BFO)4 tested several shielding materials: water, aluminum (Al), and liquid 
hydrogen (H). While there was found to be an uncertainty factor of two or more 
in the exposure predictions, it was concluded that for the protection of BFO 
against GCR, a shield thickness of 2.4 cm Al, 14 cm liquid H, and 3.5 cm water 
was needed. From these results, Al looked to be the best material. However,
7taking into account the density of the material provided a better comparison of the 
shielding materials. According to the new calculations, a shield thickness of 6.5 
g/cm2 Al, 1 g/cm2 liquid H, and 3.5 g/cm2 water was needed4. From these 
results, the best material was found to be a liquid hydrogen shield.
At first glance, the results seem contradictory; a metal should be a better 
shield than liquid hydrogen. However, the high-energy particles from the GCRs 
transfer energy by Coulombic interactions with the electrons of the absorber, and 
by nuclear interactions with the nuclei. Calculations have shown that liquid 
hydrogen has the highest electron density per unit mass of any absorber. Neutrons 
are formed by the break-up of the heavy particle components of the GCRs. When 
a high energy neutron collides with a hydrogen atom, a significant part of its 
energy is transferred to the hydrogen since hydrogen and neutrons are similar in 
size. Little energy is transferred by a neutron in a collision with a larger particle, 
so it essentially retains all its energy. Another advantage of hydrogen is that when 
fast neutrons collide with it, there are no energetic fragments formed. 
Unfortunately, no one has found a way to incorporate liquid hydrogen into a 
shielding material. Thus, the ideal material should have a low atomic mass 
number, a high hydrogen content, and good structural integrity.
A polymeric material would be ideal for shielding against GCRs. Some 
polymers, depending on the repeat unit, contain a high percentage of hydrogen
8atoms, which can slow down high energy neutrons. In principle, hydrogen and 
boron atoms have a synergistic relationship. The hydrogen reduces the energy of 
the neutrons, while the boron has a high probability of capturing these very low 
energy, or thermal neutrons.
Boron has an isotope, 10B, which has a very high thermal neutron capture 
probability or cross section. The nuclear reaction between thermal neutrons and 
10B is shown in Figure 1.2®. The emitted particles (4He and 7Li) have high linear 
energy transfer, the energy absorbed in matter per unit path length. In other 
words, the energy absorbed in matter is very high but the unit path length is very 
small. So, although the alpha particles and the 7Li ions could cause damage to 
human tissue, they are stopped within the shield thickness. In addition, they are 
nonradioactive.
5H e+ 37Li +  2.79 MeV(6%) 
?He +  ]U* i- 2.31 MeV(94%)
'  7l
3Li-Hy +  0.48 MeV.
Figure 1.2 Nuclear reaction between boron-10 and a thermal neutron.
Much of the research on materials for spacecraft application has focused on
9three types9. The first type is polymer films such as Kapton and Mylar. The 
second type is coatings such as organic based paints, and metallic and ceramic 
materials. The last type is composite materials, which are made up of fibers that 
are bonded and held within an organic polymer matrix. The objective of this 
research focused on developing polymeric films.
Although degradation of space materials by atomic oxygen was not the 
major research concern here, carborane-based polymers have found application in 
this field. There are various species in the LEO, however, atomic oxygen is the 
most prevalent and the most damaging. Atomic oxygen is formed by the 
photodissociation of molecular oxygen.
Packirisamy et al.10 have used decaborane-based polymers as atomic- 
oxygen resistant coatings for LEO space structures. The idea developed from an 
earlier study which showed that the reaction of poly(carborane-siloxane) with 
atomic oxygen caused a net mass increase of about 50%. This mass gain was due 
to the incorporation of 15 oxygen atoms into the polymer per carborane group. 
In theory, the decaborane-based polymeric coatings react with atomic oxygen 
generating a protective layer of boric oxide. The formation of the oxide prevents 
further oxidation of the space material. Decaborane was also found to incorporate 
15 oxygen atoms per decaborane unit.
The goal of this research was to make a polymeric film that contained a
10
high percentage of both hydrogen and boron. As suggested above, the ideal 
material for protection against GCR would have a low atomic mass number and 
a high hydrogen and boron content. Not only do carboranes have a high hydrogen 
content, but they also have a high boron content. Therefore, in theory, a 
carborane-based polymeric material would be an excellent choice, for reasons 
discussed above. An added advantage of synthesizing a carborane-based polymer 
would be protection from atomic oxygen.
The polymer chosen was synthesized from a modified version of 
polysulfone, containing a carborane unit. The reason for using a sulfone will be 
discussed in Chapter II. Chapter III is an introduction to carboranes, while the 
attempted syntheses of the carborane polymer are discussed in Chapter IV. And, 
a summary along with closing remarks are found in Chapter V.
11
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CHAPTER II
POLYSULFONE
2.1 INTRODUCTION
Synthesis of a carborane-containing polyimide was previously attempted 
with little, if any, success1. Therefore, we decided to try a novel polymer 
synthesis incorporating carborane units into a polysulfone backbone.
The poly(carborane-sulfone) (PCSU) synthesis was modeled after the 
synthesis of poly (aryl ether sulfone) 2 (PSU). Commercially known as Udel 
polysulfone, the polymer is made from the Bisphenol A (BPA) and the 4- 
chlorophenyl sulfone (DCDPS) monomers. The main reaction is shown in Figure 
2 . 1 , where the polymer is end-capped with an amine.
There were two main reasons why the synthesis of polysulfone 
(PSU) was chosen as the model. First, since there was no literature on PCSU, it 
was desirable to use a reaction which was well documented and proceeded with 
relative ease. Second, PSU has excellent properties which could be useful in 
shielding material for use in space.
Private communication with Michael Glasgow and Shuewen Zhang.
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OH
O ~  M« *
Figure 2.1 Polysulfone synthesis main reaction.
Polysulfones, in general, have excellent properties such as high thermal 
stability, thermal stability in the absence of oxidizers, chemical inertness, 
hydrolytic stability (can undergo hours of exposure to hot water and steam), and 
high resistance to aqueous mineral acid, alkali, and salt solutions3,4. They also 
have high distortion temperatures and excellent electrical and flame retardancy 
properties5.
Polysulfones are clear, amorphous, glassy, rigid thermoplastic polymers 
with a glass transition temperature (T^ ) of 180 to 250°C. The rigidity is attributed 
to the phenyl and -S02- units in the polymer backbone, while the flexibility and 
toughness come from the ether oxygen linkages4.
Since the properties of PSU showed promise for space materials, it was
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reasoned that replacing the BPA monomer with a carborane6 monomer might 
enhance some of these desired characteristics. The basic polysulfone was 
synthesized first in order to practice the procedure.
2.2 TYPE OF POLYMERIZATION
Polysulfone is made by a condensation polymerization between two 
monomers. The monomers combine and release small molecules such as water, 
hydrochloric acid, or halide salts. Another name for this type of reaction is step 
polymerization because the chain growth of the polymer occurs in a slow, step­
wise manner. For example, two monomers react and form a dimer, which can 
either react with a monomer to form a trimer, or react with another dimer to form 
a tetramer, and so on, adding to the length of the polymer chain.
For condensation polymerizations, there are two requirements that must be 
met in order to obtain high molecular weight polymers (greater than 2 0 , 0 0 0  
g/mole). First, the starting materials must be free of impurities. If there is even 
a slight impurity (less than 1 %), then low molecular weight products will be 
produced. Second, stoichiometry is very important. The active functional groups
6A more in-depth discussion on carboranes can be found in Chapter III.
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must be added in exact stoichiometric amounts.
PSU is produced by the reaction of the BPA salt and DCDPS to form 
sodium chloride (NaCl) and water. The first step, in the established synthesis of 
poly (aryl ether sulfone), is the in situ preparation of the dihalide salt of BPA3. 
This is accomplished by reacting one mole of BPA with two moles of aqueous 
sodium hydroxide or potassium hydroxide. However, there are two major 
drawbacks associated with this method: the hydrolytic side reactions and the need 
for stoichiometric amounts of base, for example, NaOH.
Side reactions can occur when there are large quantities of water in the 
reaction mixture. Excess water can decrease the molecular weight of the PSU 
polymer by competing as a nucleophile with the sodium phenate salt. The water 
hydrolyzes this phenol salt and forms NaOH and BPA, as shown in equation (1). 
The NaOH then reacts with DCDPS to form the monosodium salt of DCDPS, 
compound (I), as shown in equation (2), resulting in the removal of one Cl group 
in DCDPS so that a 1:1 ratio is not achieved4. Since the monomers have two 
functional groups per molecule, the removal of the Cl unit reduces the molecular 
weight of the polymer.
16
Me
ONaNaO
Me
Me
2 NaOH OHHO
Me
Cl + 2NaOH
Another disadvantage is the need for a stoichiometric amount of base; using 
too little or too much base can reduce the extent of polymerization. If there is an 
excess of the base, such as NaOH, the base can react with DCDPS to give an 
inactive phenoxide group, compound (I) in equation (2), which decreases the 
reduced viscosity of the resulting polymer7. This results in a decrease of the 
intrinsic viscosity.
The ether bond, formed by the linkage of two monomers, can also be 
affected by an excess of base. Although the bond is hydrolytically stable, in the 
presence of excess base the newly formed ether linkage7,8 can be cleaved.
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where cleavage occurs
A deficiency of base, which also decreases the reduced viscosity, alters the
stoichiometry of the bisphenols. The lack of base can cause hydrogen bonding 
between an unreacted phenol and a sodium phenate, reducing the nucleophilicity 
of the phenate by nearly one order of magnitude7. Viswanathan et al. 7 believe the 
hydrogen bonded complex to be:
Fortunately, a better method has been devised which eliminates the 
hydrolytic side reactions and the need for an exact amount of base. A study was 
done on the kinetics with dimethylsulfoxide (DMSO) and NaOH, and N ,N’- 
dimethylacetamide (DMAC) and potassium carbonate (K2C 03)7. It was determined 
that the K2CO3/DMAC reaction was not affected by an excess of the anhydrous
18
K2C 03 while the DMSO/NaOH reaction gives polymer hydrolysis and bisphenate 
insolubility.
2.3 IDEAL CONDITIONS FOR POLYMERIZATION
There are several conditions that insure high molecular weight polymers. 
The reaction must take place in an inert atmosphere because of the readily 
oxidizable phenoxides. Also, high temperatures (greater than 130°C) must be used 
to dissolve the dihalide salt4. The solvents used in the condensation 
polymerizations are generally dipolar aprotics because they usually solubilize the 
monomers and the growing polymer chain. Finally, water produced in the 
condensation reaction must be removed. Therefore, an azeotropic agent such as 
toluene is needed.
Sodium or potassium are primarily used to make the salts of BPA because 
they are more soluble in DMSO, than lithium, calcium, or magnesium, which are 
insoluble in DMSO3. Dipolar aprotic solvents such as dimethylformamide (DMF), 
N-methyl-pyrrolidinone (NMP), or sulfolane may also be used. These solvents are 
used because they solubilize the monomers under anhydrous conditions. The 
solvents also increase the rate of polymerization by dissolving ionic compounds, 
solubilizing the growing polymer chains, and solvating and stabilizing the cations,
19
but not the anions3. The anions are highly reactive and act as bases or 
nucleophiles.
2.4 MECHANISM~SNAr
Figure 2.2 shows the general scheme for the reaction of an alkali metal (M) 
phenate with an activated aromatic halide resulting in an aryl ether9. The 
electron-withdrawing substituent (W), which is meta or para to the aryl halide (X), 
stabilizes the intermediate complex that results from the nucleophilic attack of the 
phenoxide anion, while simultaneously activating halogen displacement5. In this 
case, the electron withdrawing nature of the sulfone group (W) activates the 
chloride unit (X).
MX
Figure 2J2 General scheme resulting in an aryl ether.
The reaction illustrated by Figure 2.3 is known as a nucleophilic aromatic 
substitution, SNAr. The reaction does not proceed by the SN2 mechanism, because 
of the rigid benzene rings in DCDPS, nor does it proceed by an SN1 pathway,
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Figure 2 3  Polysulfone mechanism.
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because the phenyl cations are unstable. However, there is evidence that the 
mechanism proceeds through a bimolecular addition-elimination reaction, rather 
than a unimolecular elimination-addition reaction.
For instance, in the bimolecular reaction, the Meisenheimer Complex10 (II) 
(a delocalized carbanion) is believed to be formed, which accounts for the color 
change, from orange-yellow to green, of the PSU solution3. Also, if the 
mechanism proceeded via the benzyne mechanism, or elimination-addition 
reaction, then a meta-link would be apparent in the Fourier transform infrared 
(FTIR) spectrum of PSU. However, only the para-linkages are evident3. The 
FUR spectrum of PSU can be found in section 2.8, Figure 2.5.
The polysulfone reaction proceeds by this SNAr mechanism. Both the 
bisphenol A (BPA) and the 4-chlorophenyl sulfone (DCDPS) monomers dissolve 
in the dipolar aprotic solvent. The potassium carbonate is added and acts as a 
base, removing the acidic proton of the BPA (HO-Ar-OH) and thus forming 
potassium bicarbonate and the potassium phenate salt, seen in equation (3). The 
phenate salt can then react with more carbonate and form the bisphenoxide salt and 
more bicarbonate, shown in equation (4). The bicarbonate can also undergo 
decomposition to give carbon dioxide, water, and potassium carbonate, which can
10The Complex is stabilized by the electron withdrawing group in the para position.
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be recycled through processes (5) and (6 ). The water produced in equation (5) and 
(6 ) is removed by a toluene azeotrope.
k2co 3 ♦ HO-Ar-OH ----=  *K"0—Ar-OH ♦ khco3 (3)
k2co 3 + KO-Ar-OH = ----  "K'O-ArO'K* t khco3 (4)
k2co 3 + KO-Ar-OH — ----- "K'O-Ar-O'K" + h2o > o o M (5)
2KHC03 — ► K2C03 + co2 1 + h2o (6 )
The bisphenoxide formed by K2C 03 reacts with the halide of DCDPS in a 
nucleophilic aromatic addition-elimination reaction. Then the bisphenoxide reacts 
with a previously reacted halide. The oligomeric phenol that is created reacts with 
an oligomeric halide, the products being the potassium chloride salt and a longer 
oligomeric chain, which eventually becomes the polymer.
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2.5 EXPERIMENTAL
Synthesis of an Amine Terminated PoIy(arylene ether sulfone) Oligomer11 
Materials
Bisphenol A (BPA) and 4-chlorophenyl sulfone (DCDPS), both obtained 
from Aldrich, were recrystallized from hot toluene12. /n-Aminophenol (Aldrich) 
was recrystallized from hot 95% ethanol13. Dimethylacetamide14 (DMAC) from 
Mallenckrodt, was distilled under vacuum15. Toluene (Fisher) was used without 
further purification. Anhydrous potassium carbonate (Fisher) was ground with a 
mortar and pestle and placed in a drying oven overnight. Heating of the reaction
"The experiment was modeled after a paper by Jurek and McGrath (refer to reference 1) with 
some modifications from the laboratory notebook of W. Kraus.
‘*There was some difficulty in recrystallizing bisphenol A. When the BPA/toluene/decolorizing 
charcoal solution was gravity filtered in the hood, the BPA crystals would precipitate in the 
funnel. When the solution was filtered out of the hood, crystallization did not occur in the 
funnel, but the toluene fumes were unhealthy and unpleasant. The answer was to filter the 
solution in the hood and use a heating gun.
13In order for the crystals to precipitate, an ice bath was needed. However, crystals precipitated 
at room temperature for BPA and DCDPS.
uDimethylacetamide was used for this reaction. However, DMSO (Johnson et al.) and NMP 
(Jurek and McGrath) have been used as well.
15The DMAC solvent should have first been stirred over CaH2 for 24 hours, then distilled.
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mixture was accomplished by using a Dow Corning 200 fluid 10,000 cSt silicone 
oil bath16 and hot plate. The oil bath was equipped with a Teflon-coated (TE) 
magnetic stir bar and a thermometer. The glassware was cleaned, oven dried, and 
flushed with N2 (g) overnight. All the joints were greased and sealed with 
parafilm.
The polymerization took place in a 1 liter 4-neck round bottom flask 
equipped with a motorized glass stirring rod (attached to a variac), a Dean-Stark 
trap (wrapped with heating tape)17, West condenser, a thermometer, and a N2 (g) 
inlet tube filled with CaCl2 (or Drierite). The dry ingredients were dissolved in 
DMAC to 15 wt% solids. Approximately 50 vol% toluene, based on DMAC, was 
used as the azeotropic agent, and a 25 % molar excess of K2C 03, based on moles 
of BPA, was used.
Synthesis
To the flask was added purified DCDPS (9.1409 g, 0.0318 mol), BPA 
(6.9521 g, 0.0305 mol), /w-aminophenol (0.3076 g, 0.0028 mol), and ground 
K2C 0 3 (5.2658 g, 0.0381 mol). The dry chemicals were washed into the reaction
ieThe silicone oil used was very viscous. If possible, a less viscous silicon oil should be used. 
A mantle, if monitored properly, can be substituted for the oil bath.
17Foil can be substituted for the heating tape.
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flask with 150 mL of DMAC followed by 75 mL of toluene. The milky white 
solution was heated to 155°C, the optimum temperature for the polymerization, for 
7 hours18. At this point, the solution was a golden amber color, and toluene 
( « 6 8  mL) was removed. The polymerization continued for another 15.5 hours 
with the temperature fluctuating between 155 - 160°C19. The viscous, dark 
reddish-brown mixture was cooled to 80°C and vacuum filtered to remove the 
white inorganic salt. The 200-mL polymer solution was then transferred to a 
separatory funnel (supported by a metal ring clamped to a stand), and the polymer 
was precipitated by dropwise addition, into a 3-L methanol-water solution (80/20 
v/v) slightly acidified with glacial acetic acid (90 mL, pH *  4)20. The pinkish 
powder was collected by filtration and air dried. The dried beige powder was 
stirred in hot water (90 -100°C) for 8  hours to remove any trapped inorganic salts, 
then vacuum filtered and air dried overnight. The powder was dissolved in 
methylene chloride21, vacuum filtered, reprecipitated in methanol, and dried
18The time it takes to reach 155°C is not important, but the length of time at 155°C is.
19If the temperature rises too quickly or rapid colling is required, the addition of DMAC will 
lower the temperature.
20The ratio of the methanol/water solution to the polymer mixture (in the reaction flask) should 
be at least 10:1.
21The dry polymer should be dissolved in the smallest possible amount of methylene chloride. 
However, the polymer/methylene chloride solution should be precipitated in a methanol/water 
solution in a 1:10 ratio.
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under vacuum at 80°C for 3 hours, then at 103°C for 7 hours. A yield of 9.7953 
g of a fluffy pink-beige powder was collected.
2.6 RESULTS AND DISCUSSION
The PSU reaction was performed three times before it was successful. The 
first time a heating mantle was used instead of an oil bath, which made the 
temperature harder to control; seven hours into the synthesis, the temperature 
exceeded 240°C, and the resulting mixture was a black slurry. However, we 
decided to work up the "polymer" as described in section 2.5, as a practice 
exercise. The product was composed of a dark brown crumbly compound and a 
powdery peach compound, which were not analyzed.
The second time the reaction was performed, the joints were not greased, and 
solvent was lost by leakage. The third time was successful. However, after the 
polymer was precipitated from the methanol and water solution, it was dried in a 
drying oven. Solvent that was trapped in the polymer after filtration may have 
"escaped", causing the polymer to become darkly colored and charred. The 
polymer was reworked, as described in section 2.5, and recovered unharmed.
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2.6.1 Molecular Weight Control
Controlling the molecular weight of polymers is important for processability 
and cost2. Polymer properties depend on molecular weight. It is desirable to 
attain the minimum molecular weight of a polymer in order to maximize the ease 
of processing.
There are two ways to control the molecular weight of a condensation 
polymer22. The first is to have non-stoichiometric amounts of the monomer, and 
the second is to use a small amount of a monofunctional monomer, which 
functions as an endcapper. The latter is a better way of controlling the molecular 
weight because the non-functional end-groups enhance polymer melt and lifetime 
stability2.
Ironically, the precise amount of the stoichiometric imbalance, obtained by 
the addition of a monofunctional endcapper, should be known. If the imbalance 
is too large, then the molecular weight of the polymer will be too low.
The PSU reaction is an A-A/B-B type polymerization, where A-A is a 
monomer with one type of difunctional ends (i.e. DCDPS which has -Cl end- 
groups) and B-B is another monomer with difunctional ends (i.e. BPA which has 
-OH end-groups).
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Calculation o f Molecular Weight and Amount of Endcapper:
For a one component system (A-B), the number average degree of 
polymerization, < Xn > ,  is equal to the degree of polymerization, DP. But for a 
two component system (A-A/B-B), such as polysulfone, if the < X n> is taken to 
be 1.0 per monomer and DP is the mean of the two monomers, then:
<X >  = 2 (DP) (7)
In the step growth polymerization, as the degree of conversion approaches one, 
relationship (8 ) holds true, where r is the stoichiometric imbalance of the two 
functional groups:
< y >  =» (1_r) (8)
For our PSU reaction, a polymer with the molecular weight of 10,000 
g/mole was desired with the following repeating unit:
Me
Me
Figure 2.4 Repeat unit of polysulfone.
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Since the molecular weight of the repeating unit, M0, = 442.535 g/mole and
DP -  Desired MW of the polymer block length
K
DP = 10.000 Slmole =
442.535 g/mole (10>
then by using the value obtained from (10) in equation (7), we obtain
<X>  = 2 (DP) = 45.194 (11)
Knowing the value of < X n> and using the relationship in (8 ), one can solve for 
the stoichiometric imbalance of the two functional groups, r, (1 2 ).
<xn> -  1r » — 2- (12)
<X > * 1
r = 0.9567
(13)
Modification of the Carothers equation2,23 allows one to calculate the moles 
of the end-capping agent needed.
Using the value of r from (13) and assuming NB (the moles of DCDPS) =
0.1000, one can solve for NA, where NA is the moles of BPA. Since,
Nb (14)
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one can rearrange and solve for NA:
Na = (r)(N^) = 0.09567 moles of BPA (15)
To calculate the moles of the endcapper needed, the following equation (16) 
is used:
Knowing the values for NA, NB, and r, the moles of endcapper (m-aminophenol), 
designated 2N’B, can be found by rearranging (16) to (17). By convention, NA is 
now the moles of DCDPS and equal to 0.1000, and NB is the moles of BPA whose 
value was found in (15).
—  -  = 8.856 x 10' 3
(17)
2.7 INSTRUMENTATION USED IN CHARACTERIZATION
The following instruments were used in the characterization of all the 
compounds discussed in the thesis.
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MEL-TEMP
The melting points of the compounds were taken on a 50/60 cycle, 110-120 
volt, 200 watt MEL-TEMP apparatus using glass capillary melting tubes that were 
sealed at one end.
FTIR
The Fourier Transform Infrared (FTIR) spectra were obtained with a 
Nicolet 20DXB FTIR Spectrometer using the Omnic 1.20 software. All the 
spectra shown were baseline corrected. The solid samples were made into mulls, 
dissolved in a solvent, or made into pellets using potassium bromide (KBr).
Mulls
A background first needs to be taken of Nujol, a mineral oil, on a NaCl 
plate. The same amount of Nujol used in the background is mixed with a small 
amount of the sample to be analyzed. The Nujol and sample are blended together 
in a mortar and pestle, then transferred to a NaCl plate.
Solutions
Spectra of solutions can be taken using NaCl plates or a liquid sample 
holder. If plates are used, then the sample can be analyzed in a solvent and
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transferred to the NaCl plate. A background of the solvent on the plates is 
needed. The solid sample can also be dissolved in a low boiling solvent such as 
methylene chloride and transferred to a NaCl plate. Then the solvent can be 
evaporated so that a solvent background is not needed.
KBr pellets
The best ratio found to make pellets is 20 mg of the sample to 300 mg of 
dry KBr, ground together in a mortar and pestle. The KBr "melts" under pressure 
in a pellet press, leaving the sample in a clear medium with low background 
signal.
GPC
The molecular weights and molecular weight distribution were acquired by 
Gel Permeation Chromatography, using a Viscotek Model 222 HPLC Pump 
connected to a Viscotek Model 200 Viscometer and Refracter. Two molecular 
weight columns in series from American Polymer Standards were used. The first 
column, which separates molecular weights between 1 , 0 0 0  and 80,000 g/mole, had 
dimensions of 500 angstroms and 10 microns. The second column was a linear 
porosity column of 1 0  microns which separates molecular weights between 1 , 0 0 0  
and 1 million g/mole. Both columns consisted of a styrene divinylbenzene gel.
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For polysulfone, a calibration curve using high molecular weight styrene 
samples was made. For the lower molecular weight samples tested, no calibration 
curve was made, because low molecular weight standards were not available. 
Therefore, the molecular weights of these samples could not be determined.
DSC
A Differential Scanning Calorimeter consisting of a Perkin Elmer 7 Series 
Thermal Analysis System (DSC7) and a TAC7 instrument controller was used to 
obtain Tg and other characteristics of the polymer. The polymer sample was 
ramped from 25 to 400°C at 20.0°C/min, cooled to 50°C at 10.0°C/min, then 
reheated to 400°C at 20.0°C/min under a nitrogen atmosphere.
'H-NMR23
Proton nuclear magnetic resonance (NMR) spectra were acquired using a 
Nicolet GE QE300 instrument.
“ Sometimes the samples would only partially dissolve in a solvent. Usually putting cotton in a 
disposable pipet and adding the solution to the pipet allowed the solution to filter through the 
cotton while leaving the undissolved solids. This method gave clear samples with low sample 
concentrations.
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GC-MS
Characterization of the ester whose synthesis is described in Chapter IV 
was accomplished by using a Hewlett Packard (HP) Model 5792A GC-MS 
instrument controlled through an HP Vectra apparatus with MS-DOS ChemStation 
software. The column was a 12 m x 0.23 mm i.d. HP-1 crosslinked methyl 
silicone capillary column, and a 1 . 0  microliter injection sample was used.
2.8 CHARACTERIZATION
MELTING POINT
The melting point of the synthesized polysulfone was found to be 206- 
210°C. No literature value for the melting point of polysulfone was found.
FTIR
The spectrum in Figure 2.5 (a) was obtained from the Sadtler indexes24. 
A film of the synthesized polymer, cast from methylene chloride, was scanned 
between NaCl plates and is shown in Figure 2.5 (b). A mull of the polysulfone 
using Nujol was also tried. This process was very messy, and Nujol, unlike other 
media, had very distinct peaks. The film/plate method was found to be the easiest 
and produced the cleanest spectrum, although the use of a KBr pellet of the
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polymer was not attempted.
Several peaks that are characteristic of the polysulfone can be found in 
Table 2.1; however, we were unable to distinguish the peaks characterizing the m- 
aminophenol compound in the spectrum. A strong peak indicating a primary 
aromatic amine should occur between 1650 and 1590 cm 1, while three adjacent 
aryl hydrogens on a meta-substituted ring should appear between 895 and 855 cm' 
810 and 750 cm 1, and 710 and 680 cm'1. The aromatic N-H stretching peak 
around 3450 and 3390 cm' 1 was also absent from the spectrum. If the polysulfone 
were actually endcapped, then these peaks were probably overwhelmed by the 
intense sulfone peaks. However, a comparison of the polysulfone FTIR spectrum, 
as seen in Figure 2.5 (a), with the synthesized polysulfone spectrum, as seen in 
Figure 2.5 (b), showed no difference.
GPC
From the GPC data the number average and weight average molecular 
weights were <M n> = 4,075 g/mol and <M W> = 13,870 g/mole, respectively. 
The polydispersity ratio (Mw/Mn) was 3.404, which is reasonable for condensation 
reactions.
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DSC
From the DSC data, shown in Figure 2.6, the Tg of polysulfone was 
183.1°C. The literature value of the Tg for polysulfone was 180 to 250°C4. The 
Tg and the lack of melt or crystalline peaks suggest an amorphous polymer.
Table 2.1 FTIR data of the synthesized polysulfone.
Peak/cm' 1 Intensity Description
2967.5 m aryl CH stretch
1588.7, 1503.7, 
1484.5
s aromatic in-plane bend-stretch
1322.7-1248.6 vs S 0 2 antisymmetric stretch 
(doublet peaks)
1407.7 w CH3 deformation
1248.6 vs aryl-O-aryl stretch
1169.1-1106.0 s S0 2 symmetric stretch
1 0 1 0 . 0 m para substituted aromatic ring 
vibration
834.6 m aryl H at para position
[NB: vs =  very strong, s =  strong, m = medium, w =weak intensities.]
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Figure 2.5 Comparison of the (a) literature and (b) experimental IR for polysulfone.
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NMR
Since the FTIR spectroscopic data could not be used to determine if 
endcapping occurred, a *H-NMR spectrum was obtained. Unfortunately, NMR 
spectroscopy was not helpful. The peaks calculated for the aryl protons of 3- 
aminophenol were not evident, nor was the aromatic amine peak. These peaks are 
listed in Figure 2.7. If the m-aminophenol compound did, in fact, endcap the 
polymer, then the concentration of the polymer sample used was too low for the 
3-aminophenol peaks to be detected.
HO,
NH,: 4.46 ppm
NH
There would be no OH peak in the polymer.
Figure 2.7 The protons of the m-aminophenol compound which should occur in the NMR.
The polysulfone sample was analyzed in chloroform-d, and 
dimethylsulfoxide-d6, respectively. The former solvent seemed to give a more 
distinct spectrum, although the extraneous peak at 2.19 ppm could not be
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accurately assigned.
Although the doublets in the aryl region were more distinct in chloroform-dj 
than DMSO-d6, four distinct doublet peaks were not discernible. The residual 
chloroform peak at 7.27 ppm could have concealed an aryl doublet. Figure 2.8 
shows what the aryl region should look like7.
Polysulfone dissolved in the DMSO-d6 solvent but behaved oddly. When 
the polymer was introduced into the deuterated solvent, it became putty-like in 
nature. The solvent containing some of the dissolved polymer had to be 
"squeezed" from the putty-like mass. Figure 2.9 is the NMR spectrum of 
polysulfone in chloroform-dl5 and Table 2.2 is a list of the corresponding peaks.
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so' - ^ - 0 i ,
H , Ha H , H , He H„ H„ We
H. **
J».m >3 .4  J » . m*Q.9
Figure 2.8 The aromatic region of polysulfone from the literature.
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Table 2.2 *H-NMR data of the synthesized polysulfone.
Peaks/ppm Multiplicity Description of Peaks (H)
7.86 d aryl Ha, ortho to S02
7.02 d aryl Hc, ortho to the 
isopropylidene group and 
meta to the ether bond
6.96 d aryl Hb, ortho to the ether 
group abd neta to S02 aryl, 
and H,,, ortho to the ether 
group and meta to the 
isopropylidene group
2.19 s extraneous toluene?
7.27, 1.59, 1.28, 0.88 s chloroform-d,
1.71 s aliphatic protons from the 
isopropylidene group
CD.CI
i ~i i j m i i i i i i i | i it t —r m — i r 'r r i — n  i j i i r " r n ' m  y  i r i i i i i i i | i i i M i i i ryT-r r i t t t t r y  t t  t t t i  
8 7 6 5 4 3 2 1
ppm
Figure 2.9 ‘H-NMR of polysulfone in chloroform-d,.
43
2.9 CONCLUSION
The condensation reaction was performed in order to gain synthetic practice 
in polymerizing polysulfones. The polysulfone was synthesized by the technique 
developed by Jurek and McGrath2. This method employed K2C 03, which 
eliminated the need for a stoichiometric amount of base. The attempt to endcap 
the polymer at 10,000 g/mole with m-aminophenol was possibly unsuccessful. The 
actual Mw was 13,870 g/mole by GPC. This may be due to the fact that the 
endcapping did not occur. Further testing on the polymer sample using FTIR 
spectroscopy and proton NMR spectroscopy confirmed the existence of the 
polysulfone polymer. However, whether endcapping was successful or not was 
not determined conclusively.
Now that the condensation reaction has been shown to proceed smoothly, 
our goal of creating a carborane-containing polysulfone for space applications was 
underway. However, before synthesis began, an introduction to carboranes, found 
in Chapter III, was desirable.
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CHAPTER III
CARBORANES
3.1 INTRODUCTION
The term "carborane" refers to a borane cage system in which the carbon, 
as part of the skeletal framework, does not act as a ligand. Throughout this 
chapter the word "carborane" will refer to the C2B10H ,2 species. Specifically, this 
chapter will deal with the ocarborane isomer, 1,2-C2Bi0H I2 which is written
HC— CH
structurally as ^Hu, *
3.2 HISTORY
Before the 1950’s little was known about carboranes. By the end of the 
1950’s three types of carborane were discovered1. The first, prepared by the Olin 
Mathieson Corporation in the mid-1950’s and sponsored by the US Office of Naval 
Research, were isomers of C2B3H5, C2B4H6, and C2B5H72. The discovery of 
carboranes stemmed from the desire to create high-energy fuels for long-range
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aircraft. For this reason, government-funded research on carboranes was kept as 
a military secret for over 5 years. Coincidently, in 1963, the icosahedral 
carborane research by both the US and the former USSR became public3.
The discovery of the ocarborane isomer led to the development of 
carborane chemistry2. Of all the carboranes, the o- and m- isomers of the 
icosahedral species are the most widely studied4. The chemistry of the ortho 
isomer is best known because of its ease of preparation from decaborane5. Since 
the 1960’s, there has been a prolific amount of literature on carborane research, 
and several polyhedral carboranes with the formula C2Bn.2Hn (where n =  5 to 12) 
have been isolated4.
Carborane chemistry has become a large area of interest in the boron field. 
The chemistry of carboranes overlaps different areas such as organic, 
organometallic, and transition metal coordination chemistry4. Two chronicles of 
the evolution of carboranes have been written1,3.
3.3 ORIGINS
Theoretically, carboranes can be thought of as derivatives of boron 
hydrides, where a B' ion is replaced by an isoelectric carbon atom4. By replacing 
two BH* units with two CH units in the icosahedral borane ion B12H12'2,
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the neutral C2B10H12 icosahedral carborane is formed5,6.
An interesting aspect of carboranes is the role of the carbon atom. The 
carbon is present as part of the boron cage, rather than as a ligand, and 
participates in delocalized bonding. Also, chemistry can be performed on either 
the carbon or boron substituents without degradation of the cage4.
3.4 NOMENCLATURE AND NUMBERING
There is no universally accepted name for polyhedral compounds with the 
chemical formula C2BnHn+2. The IUPAC and the British Royal Society of 
Chemistry favor carbaboranes. However, the trivial name carborane was adopted 
in the US, and barene in the former USSR. Nowadays, the term "carborane" 
refers to the specific closo- 1,2-C2B10H12 compound.
To minimize the confusion, the Nomenclature Committee of the Division 
of Inorganic Chemistry of the American Chemical Society has proposed a naming 
system for the C2BnHn+2 compounds4. The carborane is named as a borane in 
which one or more of the boron atoms are replaced by carbon. The organic 
convention for naming still applies. First, the number of borons that is replaced 
by carbon is given. Second, prefixes are given for closed {closo-) or open {nido-,
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arachno-, hypho-) cage systems. For neutral species, the ending "-borane" is used 
and the number of hydrogens is given in parentheses. For ions, "-borate" is used 
and the charge is given in parentheses.
For example:
C2B3H5 dicarba-c/aw?-pentaborane(5)
C2B10H12 dicarba-c/oso-dodecaborane( 1 2 )
C2B4H7' heptahydrodicarba-/H<i0 -hexaborate( 1 -)
In numbering, the apex atom is counted first and numbering continues in 
a clockwise direction around the ring or belt. If there is no obvious apex atom,
as in the carboranes, the number 1 atom is given to the atom with the lowest
coordination number.
Some carboranes have different isomers. These isomers are identified by 
the location of the carbon atoms. For instance, in the C2B10H12 species, the o-, in­
fer neo-)9 and p- arc designated as the 1,2-, the 1,7-, and the 1,12-isomer, 
respectively. An example of the numbering system of the C2B10H12 or dicarba- 
closo-dodecaborane(12) molecule and its 3 isomers is illustrated in Figure 3 .17. 
In-depth reviews on carborane nomenclature can be found in the literature1’8.
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Figure 3.1 The (a) para, (b) meta, and (c) ortho isomers of carborane. 
The symbols are: •  , carbon; • , hydrogen; O ,boron.
3.5 STRUCTURE (CLASSES)
There are four classes of carboranes8. The first is the closo-, or closed 
polyhedrals, whose formula is C(0_2)BnHn+2- The next three classes are the open 
polyhedrals: the nido-, the a r a c h n o and the hypho-, which have the formulas 
C((M)BnHn+4, C(0_6)BnHn+6, and C(0_8)BnHn+8, respectively. The general formula is 
C0 tomBnHn+m± (H +)x, where x is the number of protons that is added to or 
subtracted from the empirical formula but does not change the skeleton electron 
count.
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Depending on the species, the removal of one highest coordination vertex 
from closo- results in nido-; removal of an additional skeletal atom in nido- results 
in arachno-; and so on, as illustrated in Figure 3.29.
Figure 3.2 Removal of skeletal atoms from a carborane » indicated by % .
The size of the carborane polyhedra depends on the number of boron atoms. 
If the polyhedra have between 3 and 5 boron atoms then they are considered small 
in size; between 6  and 9 they are of intermediate size; and with 10 or greater they 
are considered large5.
3.6 BONDING
Theoretically, bonding in carboranes can be seen in a light similar to that 
of boranes. Although the bonding theory of boranes can be applied analogously 
to carboranes, carborane chemistry is quite unique.
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In order to learn about bonding in carboranes, the bonding in the 
boronhydrides (i.e., molecular orbital theory using 2 -center and 3 -center bonds) 
must first be studied. There are three methods of looking at bonding in 
carboranes4:
(1) The localized 3-center 2-electron (3c-2e ) bond approximation;
(2) Molecular orbital theory, extending over the cage system; and
(3) A combination of (1) and (2).
The first method works well for boron hydrides with low symmetry but 
does not extend to polyhedral carboranes of high symmetry. The second method 
applies well to polyhedral boranes and carboranes because of the high symmetry 
and delocalized bonding exhibited by these compounds. The third*is a more 
simplified approach for a general picture of carboranes, allowing one to predict the 
bonding of new carboranes.
There is a formula that predicts the relationship between skeletal bonding 
electron pairs and the skeletal structure or class of a carborane1,9. All four 
classes10 of carboranes have the same formula:
10Onak does not include the hypho- species, only Williams does.
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The total number of skeletal bonding electron pairs is
—(3a + 2m + b + c) = n + —(a + b + c )
2 2
where n =  a +  m and represents the total number of skeletal atoms in the 
polyhedron. Also, the following generalizations are used to describe the carborane 
structures9:
(1) Closo structures have (n +  1) pairs of skeletal bonding electrons 
(a +  b +  c =  2 )
(2) Nido structures have (n +  2) pairs of skeletal bonding electrons 
(a +  b +  c — 4)
(3) Arachno structures have (n +  3) pairs of skeletal bonding electrons 
(a +  b +  c = 6 )
(4) Hypho structures have (n +  4) pairs of skeletal bonding electrons 
(a +  b +  c =  8 ) 11
nOnak does not describe the hypho- class of carboranes, but the fourth class (4) is inferred, from 
Williams, to be correct.
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Using o-carborane as an example, 1,2-C2B10H12 has 50 valence electrons. Its 
formula is
and the total number of skeletal bonding electron pairs is
—(6 + 2 0 + 0  + 0 ) =  12 + —(2 + 0 + 0) = 13 
2  2
Hence, there are 26 bonding electrons in the framework from the formula 
2n+2, where n =  the number of skeletal atoms, and 24 bonding electrons from 
the a B-H and the a C-H bonds. From the generalization, 1,2-C2B10H12 is a closo 
structure. Similarly, the number of skeletal electrons can be calculated for nido 
(2n + 4 ), arachno (2n+6 ), and hypho (2n+8)l.
The ordinary valence and coordination rules do not apply to the carboranes; 
the boron and carbon atoms are hexacoordinated because the carbon also 
participates in delocalized bonding4. The high symmetry of the icosahedron is 
probably responsible for extensive electron delocalization6. The stability of the 
compound is also due to the participation of the carbon centers in delocalized 
bonding, which gives the carborane cage a "superaromatic" or "pseudoaromatic" 
character12.
For example, the carborane has resonance stability similar to that of an
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aromatic hydrocarbon4. The substituents on the carbon and boron atoms influence 
the reactivity of the other unsubstituted atoms, a phenomenon which is also typical 
of aromatic compounds. In a review by Bregadze12, it is stated that "the 
relationship between inductive and resonance effects and the problem of potential 
carborane aromaticity are still under discussion."
Several reviews on the bonding of carboranes can be found in the 
literature1’4’8’12,13,14.
3.7 PROPERTIES
In carboranes, the electrons of the carbon atoms are delocalized, and 
carbon, being more electronegative, withdraws significant electron density from 
its boron neighbors. The carbon atoms of o-carborane are also adjacent to each 
other. This causes a greater positive charge to exist between the carbon atoms 
than in the other isomers.
Since the carbon atoms have the most positive charge, the boron atoms 
become more negative as the distance from carbon increases4,6,15. Refer to 
Figure 3.1 for numbering.
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(Most Negative) 9,12 > 8,10 > 4,5,7,11 > 3,6 (Least Negative)
Carboranes are stable, neutral, electron deficient molecules. The substantial 
electron delocalization is responsible for their stability. Unlike conventional boron 
hydrides, carboranes are nonreactive towards air, thermally stable up to 400°C12, 
and hydrolytically stable16.
The resistance of carboranes to chemical attack is attributed to the overall 
thermodynamic stability of the molecules16. They are stable in the presence of 
oxidizing agents, alcohols, strong acids such as chromic acid and hypochlorous 
acid, and diacyl peroxides12,17. They are also stable against reduction with 
lithium aluminum hydride, a property which permits selective oxidation-reduction 
reaction on organofunctional substituents17.
Below 400°C, ^-carborane is resistant to degradation by heat and oxidation4. 
However, the carborane cage of both the ortho and meta isomers degrades when 
exposed to strong bases such as alkoxide ions, trialkylamines, hydrazine, 
ammonia, and piperidine4,15, which attack the most electronegative boron atom 
first4,18. Strong bases do not seem to affect the para isomer. Selective 
degradation of the ortho-carborane by methanolic potassium hydroxide is shown 
below.
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CJH2B.0H.o + CH.O- + 2 CfljOff ----------------------------- -\
*  10 3 3 KOH, CH3Oti
CjBjffu + H2 C?) + B(OCHJ3 
A degradation product is the C2B9H12' anion. The anion can be reacted with 
sodium hydride to remove a hydrogen, giving C2B9HU2\  About one hundred 
different "sandwich" derivatives containing carborane anions can be formed when 
the resulting anion, C2B9Hn2', reacts with various transition-metal salts5.
The carboranes can undergo thermal rearrangement in an inert atmosphere. 
If the ortho isomer is heated between 400 and 500°C, the meta isomer is formed. 
If the meta isomer is heated between 600 and 700°C, it rearranges to form the para 
isomer, with some decomposition4,15. These rearrangements are depicted in Figure 
3.3.
1,12-Isomer
(pa«)
1,7-Isomer 
(meta)
1,2-Isomer 
(ortho)
Figure 3.3 The thermal rearrangement of carborane, where BH is represented by o  and the CH 
b y « .
The hydrogen atoms attached to the carbon atoms of carboranes are
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relatively more acidic than those attached to boron atoms19, while the CH 
hydrogens of o-carborane are more acidic than those of m- or p-carborane. The 
hydrogen atoms attached to polyhedral carbons are sufficiently labile to permit 
metallation17, and the attack of organometallics, such as butyllithium, occurs 
preferentially at those acidic hydrogens19,20.
The acidity of some carborane isomers in ethanol, dimethylformamide, and 
pyridine can be found in the literature21.
3.8 CHARACTERIZATION
The o-carborane is a colorless, sublimable solid that is insoluble in water 
but soluble in organic solvents15. It has symmetry7 and melts between 294.5 
and 295.5°C6. The carboranes have icosahedral geometries; however there is a 
slight distortion due to the smaller covalent radius of the carbon with respect to the 
boron atom6, as illustrated below.
(Shorter Bond Length) C-C  < B-C < B-B (Longer Bond Length)
The Fourier Transform Infrared (FTIR) spectrum of carborane7,22 shows 
a distinctive broad peak at 2500-2600 cm' 1 which is indicative of the B-H stretch 
in the carborane cage.
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Very few references in the literature show proton nuclear magnetic 
resonance ('H-NMR) spectra of carborane. However, 1H- and 13C-NMR spectra 
of m-carborane were published by the Aldrich Chemical Company23 and are 
shown in Figure 3.4. Only one distinct peak can be seen while the other peaks 
appear to be overlapping each other. Through integration calculations, peaks 1 
through 4 were assigned as the cage hydrogens, while peak 5 was assigned to the 
hydrogens attached to the carbons. However, one review states that the C-H 
chemical shift for the m-carborane is 2.85 ppm6. Perhaps the testing conditions 
such as temperature and solvent could account for the differences.
20160 120 100 80140 40
CDClj ;
Figure 3.4 *H-NMR and 13C-NMR spectra of m-carborane in CD3CI.
Most NMR spectra of carboranes found in the literature are boron nuclear
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magnetic resonance (nB-NMR) spectra4,24.
3.9 DERIVATIVES
A number of different derivatives of carborane can be made, including 
derivatives with many organic functionalities, derivatives with alkali and transition 
metals, and derivatives of nonmetals such as silicon, phosphorus, and sulfur4. The 
derivatization reactions usually occur on the carbon atom, but they can also occur 
on the boron atom. In fact, the hydrogen atoms attached to the boron atoms can 
be substituted with halogens4.
The preparation of 1- and 1,2-substituted carboranes has been 
reported25,26. In addition, mono- and di-substituted derivatives of carborane 
made by reactions with alkyl lithium and Grignard reagents19 have been studied. 
A useful compilation of o-carborane derivatives, with references, can be found in 
a monograph by Grimes4.
3.10 CARBORANE POLYMERS
There are two types of carborane polymers, one in which the carborane unit 
is incorporated into the backbone (I), and the other in which the carborane unit is
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a pendant group (II). From a study of the literature, it seems that the type I 
polymer is represented more often. However, both types of carborane units can 
sterically and inductively hinder polymerization27. Commercial success has been 
achieved with type I and type II polymers containing silicon. The former mainly 
used the m-carborane and somep-carborane in the polymerizations, while the latter 
usually used the o-carborane. These silicon-containing carborane polymers are 
known by the trade name, Dexsil4,28. In fact, a derivative of a poly-m- 
carboranylene siloxane polymer has a m-carborane in the backbone and an o- 
carborane as a pendant group29.
Green et al.27,28,30 have had some success with carborane polymer 
syntheses, but polymerization of the carborane compounds was difficult due to 
steric and polar influences, the steric influences being greater than the polar ones27. 
They found that in most cases, polymerization occurred when the distance between 
the carborane unit and the functional group was increased. This increase tended 
to reduce the polar and steric influences27.
The bulkiness of the carborane groups was also found to prevent close 
packing of the chains. Thus crystallization did not occur27. This effect was 
demonstrated in a study comparing polyadipates made from 
l,2-bis(hydroxymethyl)-carborane (BHMC), 1,4-butanediol, and 1,4-butynediol. 
The polymer from BHMC was a liquid which did not crystallize after aging two
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years at room temperature27. The noncarborane polymers were closely packed, 
becoming crystalline, wax-like materials. It was found that carborane 
poly succinate was a hard glass, due to the decrease in chain flexibility27. The 
bulky carborane units also increased reaction times and tended to form 1 ,2 - 
exocycles. In fact, carborane was calculated to have a Van der Waals radius of 
approximately 4 A26. According to the Handbook of Chemistry31, the Van der 
Waals or nonbonded radius is the "internuclear distance or radius of closest 
approach of an atom to another with which it forms no bond". The Van der 
Waals radii of different atoms are listed in Table 3.1.
Table 3.1 Van der Waals radii of some elements.
Atom Van der Waals Radius/A
H 1.20
O 1.40
C 1.85
Cl 1.81
s 1.85
Compared to the values in Table 3.1, the size of the carborane is almost doubled, 
which may account for the difficulty in synthesizing the carborane polymers.
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From the papers by Green et al.27,28,30 it can be concluded that for a successful 
polymerization there needs to be a balance between the number of atoms 
separating the carborane units and the reduction of chain flexibility.
Other polymer reactions of interest include the preparation of carborane polyesters 
from carborane diols with carborane diacids, carborane diols with fluorocarbon 
diols and diacids, carborane diols with organic diacids, and carborane malonates 
with organic diols27. Cyclic and polymeric formals, and poly acrylates and 
polysiloxanes have also been prepared30. A good review of carborane-containing 
polymers can also be found32.
3.11 USES
Although carboranes are being tested for aerospace applications, they also 
have significance in the medical field, especially for the treatment of cancer. A 
procedure known as the boron neutron capture therapy (BNCT) has been 
developed. The boron nuclide was chosen because it could be incorporated into 
different structures, was nonradioactive, and had an isotope, 10B, which has a high 
neutron capture probability. The 10B isotope makes up about 20% of the naturally- 
occurring boron.
In theory, boron analogues of biomolecules such as amino acids and
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porphyrins, having high concentrations of boron, are accumulated in tumor cells. 
These cells are then irradiated with thermal neutrons. Since the 10B nuclides have 
a high propensity for absorbing thermal neutrons, a nuclear reaction occurs within 
the cell, as seen in Figure 1.2 in Chapter I. The emitted particles are 
nonradioactive and have a high linear energy transfer, or the energy absorbed in 
matter per unit path length of a charge particle. The energy of the 7Li and alpha 
particles are readily absorbed into the tumor cell and have a path length of 1 0 /xm, 
about the diameter of a cell. The destruction of the cell is very localized and 
damage to normal tissue cells is insignificant, since the concentration of boron 
in the cancer cells is far greater than that of the normal cells. The beauty of using 
biomolecular carriers containing ocarborane is the large number of borons per 
caborane unit that can be delivered to a cell.
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CHAPTER IV 
SYNTHETIC APPROACHES
4.1 INTRODUCTION
The purpose of this chapter is to discuss the various experiments designed 
to obtain the poly(carborane-sulfone) (PCSU) polymer. The first goal was to find 
a carborane monomer that could replace the Bisphenol A (BPA) monomer, but still 
undergo condensation polymerization. l,2-Bis(hydroxymethyl)-o-carborane 
(BHMC) was chosen because it appeared to be the most promising compound in 
the carborane literature. It was also the closest available material which was a diol 
like BPA. There were no synthetic routes to a diphenol carborane in the 
literature, nor was a diphenol carborane commercially available.
In order to synthesize BHMC, two starting materials were needed, 
6,9-bis(acetonitrile)-decaborane (BAND) and the acetylenic compound, 2-butyne- 
1,4-diol diacetate. Both of these were needed to make 1,2-bis(acetoxymethyl)-o- 
carborane (BAMC), which would then be hydrolyzed to BHMC. Once BHMC 
was obtained, the second objective was to make the PCSU polymer. Three
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methods were tried. The first was a condensation polymerization, substituting the 
BHMC monomer for the BPA monomer. The second method involved the use of 
the disodium salt of BHMC for the BPA monomer, while the third method 
involved a phase transfer catalysis condensation.
The description of the instruments used for the characterization of the 
following compounds can be found in section 2.7, Chapter II. The FTIR 
spectrometer was used for a preliminary evaluation of the compounds. In some 
cases, if certain functional groups were not evident in the FTIR spectrometer, no 
further testing was performed. (The peak which appears around 2400 to 2300 cm' 
*, apparent in some of the FTIR spectra, is due to carbon dioxide from the air.) 
The internal standard used for the NMR spectra was tetramethylsilane, unless 
indicated otherwise.
The formation of the 1,2-bis(hydroxymethyl)-carborane (BHMC) monomer 
involved multistep syntheses. These syntheses (of 6,9-bis(acetonitrile)-decaborane, 
2-butyne-l,4-diol diacetate, and l,2-bis(acetoxymethyl)-carborane) will be 
discussed in Appendix A, while the various synthetic routes attempted for the 
formation of the BHMC salt will be addressed in Appendix B.
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4.2 1,2-BIS(HYDROXYMETHYL)-o-CARBORANE
It was found that l,2-bis(hydroxymethyl)-o-carborane (BHMC) could be 
obtained commercially from the Dexsil Corporation. Although the material was 
used in the syntheses without further purification, various characterizations were 
conducted to determine its structure and other properties.
4.2.1 Characterization
An FTIR spectrum of pure BHMC, as a KBr pellet, with its main peaks 
identified, can be seen in Figure 4.1 and Table 4.1, respectively. The BHMC 
monomer was also made into a mull; however, the pellets gave a cleaner 
spectrum. The DSC data for BHMC can be found in Figure 4.2.
The !H-NMR spectrum of o-carborane in CDC13 is shown in Figure 4.3, 
while its peaks are listed in Table 4.2. The *H-NMR spectra of pure BHMC and 
BHMC doped with D20  were analyzed in DMSO-d6, chloroform-d,, and 
acetonitrile-d3. The BHMC spectrum in chloroform-d! is shown in Figure 4.4, and 
its peaks can be found in Table 4.3. The spectrum and peak listing of BHMC 
doped with D20  are shown in Figure 4.5 and Table 4.4, respectively. 13C-NMR 
spectrometry was attempted for both the o-carborane and the BHMC compounds.
70
However, no carbon peaks other than those from the solvent were evident. The 
melting point of BHMC was obtained from the MEL-TEMP apparatus by using 
glass capillary tubes.
4.2.2 Results and Discussion
The bis(hydroxymethyl)-carborane (BHMC) starting material was purchased 
from the Dexsil Corporation. The o-carborane was obtained from the Aldrich 
Chemical Company. The only characterization conducted on the latter compound 
was NMR spectroscopy. The FTIR spectrum of BHMC, showing characteristic 
peaks of the carborane, will be used for comparison throughout the paper.
Differential Scanning Calorimetry (DSC) data for BHMC were obtained. 
From the MEL-TEMP apparatus, BHMC was found to melt from 288 to 292°C, 
while by DSC the melting point was 306.4°C, as seen in Figure 4.2. The small 
hump occurring around 99°C is probably due to water absorbed by BHMC.
Although the proton peaks for BHMC in chloroform-d, are overlapping, this 
solvent gave the best NMR spectrum. Since the o-carborane NMR spectrum was 
also taken in chloroform-d,, this made comparison of the spectra easier. The 
concentration of BHMC in the DMSO-d6 was apparently too low; thus, the proton 
peaks were not very intense. Also, the absorbed water peak in the
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DMSO-d6 solvent made identifying the NMR peaks a problem when D20  was 
added. The only problem with the acetonitrile spectrum was that there was no 
more solvent left to run the o-carborane sample, and no comparison of the peaks 
could have been made, since the spectra of these compounds are solvent 
dependent.
According to the literature, the proton shift of the C-H protons1 in o- 
carborane can be found around 3.50 ppm2. This corresponded to the C-H shift 
at 3.62 ppm in the o-carborane sample. Since the peaks in the spectrum of o- 
carborane were all overlapping, an assignment for each peak could not be made.
‘The solvent was not indicated.
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Table 4.1 FTIR data of pure BHMC as a KBr pellet.
Wavenumber/cm*1 Intensity Description
3500-3100 s, br O-H stretch
3000-2800 w aliphatic CH2- stretch
2600-2500 s B-H cage stretch
1 1 0 -
100
90
80
m
6 5 -
6 0 -
55 H
4 0 -
3 5 -
3 0 -
2 5 -
100015002000
W a v e n u m b e r s  ( c m - 1 )
3000 250035004000
Figure 4.1 FTIR spectrum of BHMC as a KBr pellet.
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Table 4.2 The 'H-NMR data of pure ocarborane in chloroform-d,.
Peak/ppm Multiplicity Description (H)
3.62 s C-H
1 to 3.5 — B-H
'  ■ | i i i  i i i i i i |  i i i i i i  i i i |  i i * i i ) ii ) |  i i  ) i i i 'i"iT|'r r i i i i i i i j  i i i i i r rn  j i i i m  i i i t ' j m i n i
8 7 6 5 4 3 2 1
ppm
Figure 4 3  Proton-NMR spectrum of o-carborane in CDC13.
Table 43  ‘H-NMR data of pure BHMC in CDO,.
Peak/ppm Multiplicity Integration Description (H)
7.26, 1.25, 
0.88
s — chloroform-d!
4.24 s 10 B-H
2.89 s 5 n a 1
1.64 s — absorbed water in the 
deuterated solvent
1 1 1 1 1 1 1 | • 1 1 1 1 • I 1 1 | 1 1 1 1 I I I I I | I I I I I I I I I j I I I I I I I I I | I I I I I I I I I |  I I I I I I I I I J  I I i
7 6 5 4 3 2 1ppm
Figure 4.4 Proton-NMR spectrum of BHMC in CDC13.
Table 4.4 'H-NMR of BHMC doped with D,0 in CDC1,.
Peak/ppm Multiplicity Integration Description (H)
7.26, 1.25, 
0.88
— — chloroform-d!
4.80 br, s 4 c d 2?
4.21 m 10 B-H
2.18 — absorbed water
I I I I I |  I t I I I I I M  | I 
7 6
i i i i i i i i i i i i i i i i i i i i i i i i i i i i M  i i i i i i i t i i
ppm
Figure 4.5 Proton-NMR spectrum of BHMC doped with D20  in CDC13.
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4.3 4-CHLOROPHENYL SULFONE
The other monomer, 4-chlorophenyl sulfone (DCDPS), was obtained 
through the Aldrich Chemical Company. The monomer was recrystallized from 
hot toluene, using decolorizing carbon. The purified crystals were found to melt 
between 144 and 147°C, using the MEL-TEMP apparatus, and around 152.0°C 
from DSC, as seen in Figure 4.6. DSC data also show that the monomer, upon 
cooling, becomes semicrystalline. NMR spectroscopy was conducted on DCDPS 
in DMSO-d6. Its spectrum and peak listing can be found in Figure 4.7 and Table 
4.5, respectively. The FTIR spectrum will not be included in this section, but can 
be found in Figures 4.8, 4.19, and 4.28.
78
CM
CM
a
in
a
in
in
CM
CM
in
u.
m
aaa a aa
C_J
<8L.3*>ai_aa.
E9
in ain inCM aa in ain
Cm F
igu
re 
4.6
 
DS
C 
dat
a 
for
 D
CD
PS
.
79
Table 4.5 The NMR data of DCDPS in DMSO-d*.
Peak/ppm Multiplicity Description (H)
7.91 d aryl H ortho to S02
7.64 d aryl H ortho to oxygen
3.38 s absorbed water from DMSO-d6
2.50 s DMSO-d6
.1|i
it
:ii
! 1 1 ! j 1 1 * ! 1 1 1 1 j ‘ 1 I 1 ! i I i I j I 1 i I I i i I i “ j" T " T  i ' T ” ! I : I r  I I i |  I  ,  , |  |  |  ■
8 7 6 5 4 3
ppm
Figure 4.7 Proton-NMR spectrum of DCDPS in DMSO-d*.
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4.4 POLY (C ARBORANE-SULFONE)
Since the BHMC monomer was commercially available from the Dexsil 
Corporation, attempts to reach the main objective, making a poly(carborane- 
sulfone) (PCSU) polymer, were begun. The first strategy was to run the 
polycondensation reaction by substituting the BHMC monomer for the Bisphenol 
A (BPA) monomer. The polycondensation of 1,2-bis(hydroxymethyl)-o-carborane 
(BHMC) and 4-chlorophenyl sulfone (DCDPS) was modeled after a known 
poly sulfone condensation reaction3. The second strategy was to make the dihalide 
metal salt of BHMC, then substitute the inorganic salt in place of BPA4. The 
third strategy involved the use of a phase-transfer catalyst such as a crown ether.
4.4.1 STRATEGY 1 :POLYCONDENSATION USING THE BHMC MONOMER
4.4.1.1 Experimental 
Materials
4-chlorophenyl sulfone (DCDPS), recrystallized from hot toluene, and m-
Tlie mechanism of the reaction of BHMC or the salt of BHMC with DCDPS is similar to that for 
the reaction between BPA and DCDPS. Please refer to section 2.4, Chapter II.
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aminophenol, recrystallized from hot 95% ethanol, were both obtained from the 
Aldrich Chemical Company. Dimethylacetamide (DMAC), from Mallenckrodt, 
was distilled under vacuum. l,2-Bis(hydroxymethyl)-carborane (BHMC), from 
Dexsil, and toluene (Fisher) were used without further purification. Anhydrous 
K2C 03 (Fisher) was ground in a mortar and pestle, and placed in a drying oven 
overnight. The glassware was cleaned, oven dried, and flushed with nitrogen gas 
for 30 minutes. All the joints were greased and wrapped with Parafilm, and the 
set-up was wrapped in aluminum foil. Heating was accomplished using a heating 
mantle controlled by a variac.
The reaction took place in a 3-neck 100-mL round-bottom flask equipped 
with a magnetic TE stir bar. Attached to the necks were a Dean-Stark trap fitted 
with a West condenser and nitrogen gas outlet, a thermometer, and a gas inlet 
connected to a drying tube. The dry ingredients were dissolved in DMAC to 15 
wt% solids, and approximately 50 vol% toluene, based on DMAC, was added. 
An excess of K2C 03 was used. m-Aminophenol was used as the endcapping agent.
Synthesis
DCDPS (1.4359 g, 5.00 mmol), BHMC (1.0000 g, 4.90 mmol), and 3- 
aminophenol (0.229 g, 0.209 mmol) were added to 20.0 mL of DMAC with 
stirring. K2CQ3 (0.8460 g) was then added, and the sides of the flask were
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washed with 12.0 mL of toluene. The solution was heated to 155°C for 24 hours, 
while 10.2 mL of toluene/water was removed by the Dean-Stark trap5. The 
yellow-orange solution was cooled to 70°C and vacuum filtered to remove the 
inorganic salts. The golden solution was then transferred to an addition funnel and 
added dropwise to a 1.2 L, 50:50s methanol/water solution, acidified with glacial 
acetic acid. The beige powder was collected by vacuum filtration and vacuum 
dried at 100°C for 3 hours.
4.4.1.2 Characterization
The product was made into a KBr pellet and was also dissolved in methanol 
and analyzed by FTIR spectroscopy, using NaCl plates. The pellet method gave 
the best spectrum. The FTIR spectra of the sulfone (DCDPS) monomer and the 
1,2-bis(hydroxymethyl)-carborane (BHMC) monomer compared with the product 
spectrum, all as KBr pellets, are shown in Figure 4.8. The FTIR spectrum of the 
reaction filtrate from the reaction was analyzed using NaCl plates, as seen in 
Figure 4.9.
^The temperature of the reaction was controlled by adding more DMAC, which lowered the 
temperature, or by removing toluene via the Dean-Stark apparatus, which raised the temperature.
6No precipitation occurred when an 80:20 methanol/water solution was used.
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The !H-NMR spectrum of the product, dissolved in DMSO-d6, is shown in 
Figure 4.10, while its peaks are listed in Table 4.6. The DSC data for this 
polymer, compared to those of pure 1,2-bis(hydroxymethyl)-carborane and 
4-chlorophenyl sulfone, are found in Figure 4.11.
4.4.1.3 Results and Discussion
The polymerization reaction was unsuccessful as determined from the FTIR 
data. The spectrum of the product, shown in Figure 4.8 and labeled "polymer", 
did not show evidence of the carborane cage functionality. Although the B-H peak 
occurring around 2600 cm'1 was not evident in the polymer spectrum, it was 
present in the filtrate spectrum. The peak between 3600 to 3300 cm'1 was due to 
water, while the "polymer" peaks mostly resembled those of DCDPS. From these 
results, it was concluded that the base was too weak to remove the strongly bonded 
alcoholic protons of BHMC. Even after being heated at 155°C for one day, the 
monomers were recovered unchanged.
An NMR spectrum was also obtained for the polymer sample dissolved in 
DMSO-d6. The peaks in the aromatic regions appear to be doublets, and their 
frequencies are very similar to those of the aryl proton peaks found for DCDPS. 
The proton-NMR spectrum for DCDPS can be viewed in Figure 4.7.
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The "polymer" compound, from the MEL-TEMP apparatus, melted between 
148 and 149°C. From DSC, the compound showed a melt peak at 149.3°C. 
Therefore, it can be concluded that the sample was actually the DCDPS monomer, 
which melts between 144 and 147°C, while the BHMC monomer remained in the 
filtrate.
4.4.1.4 Conclusion
The polymerization condensation reaction was attempted using the 
polysulfone procedure described in Chapter II, section 2.5, and the modifications 
described above. According to the FUR data, it was found that the potassium 
carbonate was too weak a base to pull off the acidic hydrogens in BHMC. The 
characteristic carborane cage peak was only evident in the filtrate spectrum, while 
the polymer spectrum mostly resembled that of the DCDPS monomer. These 
conclusions are further supported by the NMR and DSC data. The NMR spectra 
of the product and DCDPS are similar, and the melting point of the product, from 
DSC and by the MEL-TEMP, were in the same range as that of DCDPS.
Since the potassium salt of BHMC could not be made using K2C 03, another 
method was needed. The methods used to form the BHMC salt are discussed in 
the following section.
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Table 4.6 The NMR data of the polymer sample in DMSO-d6.
Peak/ppm Multiplicity Description (H)
7.91 d aryl H ortho to sulfone 
group
7.64 d aryl H ortho to oxygen
3.37 s absorbed water from the 
solvent
2.49 s DMSO-d6
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Figure 4.10 Proton-NMR spectrum of the condensation product in DMSO-d«.
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4.4.2 STRATEGY 2: POLYCONDENSATION USING A DISODIUM SALT
In general, phenolic hydrogens are more acidic than alcoholic hydrogens. 
Since the alcoholic hydrogens of 1,2-bis(hydroxymethyl)-carborane (BHMC) were 
less acidic, and therefore, less reactive than the phenolic hydrogens of bisphenol 
A (BPA), and the strong electrophilic nature of the carborane unit of BHMC was 
such that a weak base such as K2C 03 would not be able to remove the alcoholic 
hydrogens, a stronger base was needed. However, the ideal base would be strong 
enough to remove the acidic terminal hydrogens, leave the methylene hydrogens 
and the carborane cage intact, and function at ambient temperatures. As discussed 
in Chapter III, section 3.7, heating below 40°C was essential.
In theory, if  the BPA hydrogens are more reactive than BHMC, then the 
conjugate base of BHMC should be more reactive than that of BPA. It was 
decided to make and isolate the disodium salt of BHMC. Several methods were 
tried: using sodium hydride (NaH) and THF, using DMSO and NaH, using 
sodium metal (Na°) and THF, and using Na° and ethyl ether. But first, the 
reaction of BPA and NaH was used as a trial run. All of these, except the sodium 
metal reactions, can be found in Appendix B.
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4.4.2.1 Synthesis of the Disodium Salt of Bis(Hydroxymethyl)-o-Carborane,
Using Sodium Metal and THF
Preparation o f the Sodium Metal
Sodium metal, in block form, was obtained in oil. A small chunk of 
sodium was chosen and the oil was removed by blotting with a paper towel. The 
sodium was placed on a paper towel. A razor blade was used to slice off a small 
slab of the metal, which was chopped into fine pieces. The razor blade and paper 
towel, covered with sodium metal scraps, were doused with 200 proof ethanol. 
Since both ends of the diol need to be deprotonated, two moles of the sodium 
metal was needed for every one mole of the diol. To insure complete conversion, 
an excess of the sodium was used.
Distillation o f Tetrahydrofuran from Sodium Metal
50 mL of anhydrous tetrahydrofuran was introduced to a 1-neck 100 mL 
round bottom flask. Upon addition of the sodium metal with stirring, hydrogen 
gas was evolved. After the evolution ceased, the gray, cloudy solution was 
refluxed at 30°C for 30 minutes. The distilled anhydrous THF was collected
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between 35 and 40°C. The 3-neck 100-mL round bottom collection flask, 
containeing sodium metal (0.4184 g, 0.0182 mol), was flushed with nitrogen gas.
Since the distillation of THF from Na metal is very dangerous, the 
following was another method used to distill THF7. 100 mL of THF was stirred 
in calcium hydride (CaH2) for 13.5 hours. The THF was distilled from CaH2, 
under nitrogen, at 63°C. The first 15% of THF, that was collected, and the last 
15% of THF remaining in the pot were discarded. About 70 mL of THF was 
kept.
Disodium Salt of Bis(Hydroxymethyl)-0 -Carborane Synthesis 
Materials
The preparation of the sodium metal, and the distillation of THF from 
sodium metal were described above. The reaction was preformed in a 3-neck 
100-mL round bottom flask equipped with a gas inlet, attached to a drying tube, 
a magnetic TE stir bar, and a gas outlet. The BHMC (Dexsil) and the sodium 
metal were weighed out in metal tins. Heating was accomplished with a heating 
mantle controlled by a variac.
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Synthesis
Sodium metal (0.7740 g, 0.0337 mol, a 10% molar excess) was added to 
the 100-mL flask. 50.0 mL of distilled anhydrous THF was slowly added with 
stirring, followed by BHMC (3.0796 g, 0.0151 mol), under a nitrogen 
atmosphere. The BHMC was introduced by funnel* and both the pan and funnel 
were rinsed with THF. With the addition of the BHMC, hydrogen gas was 
evolved. The solution was stirred for 4.5 hours under an inert nitrogen 
atmosphere. The cloudy lemon-yellow colored solution was then heated for 1.5 
hours8. The resulting solution was too viscous to be vacuum filtered. Therefore, 
after manually removing the excess sodium metal, the solution was transferred to 
a 50-mL round bottom flask where most of the solvent was removed by 
rotovaporation. The clear viscous yellow solution was then transferred to a 
recrystallizing dish and dried in a vacuum oven for 4.5 hours at 50°C. A white 
crumbly salt was recovered9 with a quantitative yield ( —100%).
8Heating the solution (below 40°C) with a mantle exposes the shiny surface of the metal.
9In this case, the salt was also recrystallized in THF. The salt was then collected by vacuum 
filtration then vacuum dried for 5 hours at 50°C.
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4.4.2.2 Characterization
The FTIR spectra, shown in Figure 4.12, are the pure 
l,2-bis(hydroxymethyl)-carborane (BHMC) monomer compared to the disodium 
salt of BHMC. The two BHMC salt spectra represent the same sample. Two are 
shown because the first spectrum has more distinct peaks in the 1700 to 1500 cm'1 
region, while the other salt spectrum shows the lack of an O-H peak in the 4000 
to 3000 cm'1 region. All three samples were taken as KBr pellets.
The !H-NMR spectra of pure BHMC, before and after the addition of D20 ,  
and the spectrum of the disodium salt of BHMC, all in acetonitrile-dj, can be 
found in Figures 4.13, 4.14, and 4.15, respectively. The peaks for the BHMC, 
with and without D20 , and the disodium salt are listed in Tables 4.8, 4.7, and 4.9, 
respectively. NMR spectroscopy of the BHMC salt was also conducted in DMSO- 
d6 and chloroform-d^ however, the salt did not dissolved well in the former 
solvent, while the sample in the latter did not give a clear spectrum. These spectra 
were not included.
Determining the melting point of the salt was attempted by DSC and by 
MEL-TEMP. Figure 4.16 shows DSC data for the BHMC salt, compared with 
pure BHMC. The salt sample was also sent to NASA for elemental analysis, 
however, an analysis could not be made because the sample could not be dissolved
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using the typical solvents used in analysis. The sample was then sent to Galbraith 
Laboratories which also experienced difficulties in solution of the sample.
A small test was performed using BHMC, the salt of BHMC, and litmus 
paper. Two strips of litmus paper were used. One strip contained a small portion 
of pure BHMC, while the other strip contained a small portion of the synthesized 
salt. A drop of deionized water was added to the samples. The color of the 
litmus paper containing the pure material remained unchanged. However, the 
litmus paper containing the salt turned green, indicating basicity.
4.4.2.3 Results and Discussion
From the FTIR spectral data, it appears that this synthesis was successful. 
As depicted in Figure 4.12, there was no O-H stretching peak present, while the 
B-H stretching peak was obvious. Therefore, it was presumed that the disodium 
salt of BHMC was formed and isolated because the FTIR spectral data exhibited 
the correct functional groups. To certify that the salt was indeed formed, NMR 
spectroscopy was used.
The JH-NMR spectral data seemed to establish the production of the salt. 
However, the NMR spectrum of BHMC was, at first, misinterpreted. The peak 
at 4.09 ppm was thought to represent the alcoholic hydrogen, since it was small,
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broad, and in the region one would expected to see an alcoholic hydrogen. So 
when the NMR spectrum of the BHMC salt was examined, the reduction of the 
alcoholic hydrogen seemed to confirmed the formation of the salt, as seen in 
Figure 4.15. However, the existence of a second peak could not be explained.
The "alcoholic" hydrogen peak, in actuality, was due to the CH2 hydrogens. 
The mistaken identity of the peak was uncovered when D20  was added to the 
solvent sample. Although the intensity of the "alcoholic" peak was reduced, it still 
remained, while the B-H peak shifted to a higher field. The deuterium oxide, 
depending on its concentration in the sample, can exchange with the B-H 
protons10; it may also have reacted with the methylene hydrogens, reducing their 
intensity as well. Another indication was that the integration area of the peaks, 
seen in Figure 4.13, were 4:10 (peak at 4.09 ppm and peak at 2.18 ppm, 
respectively). The resulting spectrum from the D20  "trick", as shown in Figure
4.14, proved that the alcoholic protons do not appear in acetonitrile-d3. Although 
some of the peaks, seen in Figure 4.13, are shifted slightly, as shown in Figure
4.14, all the peaks are accounted for. However, the existence of two peaks in the 
BHMC salt spectrum, seen in Figure 4.15, may still confirm the formation of the 
salt.
,0Professor Floyd Klavetter private communication.
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In the salt spectrum, the methylene proton peak was significantly diminished 
and another peak appeared. There are several possibilities which may explain 
these findings. (1) The disodium salt of BHMC may have been formed, while 
some of the starting material remained; (2) The monosodium salt of BHMC may 
have been formed, while some of the starting material remained; (3) The 
disodium and monosodium salt of BHMC may have been formed. The decrease 
in the intensity of the methylene proton peak, seen in Figure 4.15, may be due to 
the formation of the disodium salt, and the appearance of another peak, may be 
due to the formation of the monosodium salt. The CH2 protons may be exposed 
to different environments; one methylene group may be attached to an O-H group, 
while the other group may be attached to an O-Na group.
In the MEL-TEMP, the compound began degrading around 300°C, indicated 
by a color change, and at 400°C the compound was still unmelted. The pure 
BHMC material was found to melt between 288 and 292°C. From the DSC data, 
no melt peak was evident, but degradation was evident around 320°C, represented 
by the broad peak. Also, the salt did not dissolve in many solvents that dissolved 
BHMC such as THF, ethyl ether, chloroform, and methanol. These data indicate 
that the compound is not bis(hydroxymethyl)-carborane (BHMC). The "litmus 
paper test" (LPT) also showed that the product differed from BHMC, and was also 
basic in nature.
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Initially, a salt sample was sent to Dr. Richard Partos, at the NASA 
Langely Research Center for an elemental analysis. However, the standard 
solvents used to dissolve samples could not dissolve the disodium salt sample. The 
salt sample was then sent to Galbraith Laboratories. They too, had trouble 
solubilizing the sample and could not get reproducible results. However, from 
their preliminary data, it can be inferred that the salt was formed. From Tables 
4.10 and 4.11, the calculated percentages for sodium and boron were 18.5% and 
43.5%, respectively, about 2 times more boron than sodium. Likewise, from the 
actual percentages determined by Galbraith Laboratories, there was found to be 2 
times more boron than sodium in the first run and about 3 times more boron than 
sodium in the second run. However, we must stress that these results are only 
preliminary. In fact, Galbraith Laboratories requested additional samples to obtain 
a more accurate elemental analysis, and new tests are currently being conducted.
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Table 4.7 ‘H-NMR data of pure BHMC dissolved in CD3CN.
Peak/ppm Multiplicity Integration Description
4.09 s 10 c h2
2.18 m 4 B-H
1.94 s — acetonitrile solvent
0
ppm
Figure 4.13 Proton-NMR spectrum of BHMC in CD3CN.
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Table 4.8 The NMR data of pure BHMC doped with D20  in CD3CN.
Peak/ppm Multiplicity Integration Description (H)
4.09 s 1 c h 2
2.71 s 10 B-H
1.95 s — acetonitrile
t
ppm
Figure 4.14 Proton-NMR spectrum of BHMC doped with D20 in CD3CN.
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Table 4.9 ‘H-NMR data of the disodium salt of BHMC, dissolved in acetonitrile, from sodium 
metal and THF.
Peak/ppm Multiplicity Integration Description (H)
3.92 s 2 CH2 next to OH
3.64 s 2 CH2 next to ONa
2.16 s 10 B-H cage
1.94 s — acetonitrile
i i i i 1 I 1 
3 0
ppm
Figure 4.15 Proton-NMR spectrum of BHMC salt in CD3CN.
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Table 4.10 The calculated mass percentages for the disodium salt of BHMC.
Calculated Mass Percent
Element No. & Wt. g/mol %
C 4 x 12.011 48.044 19.4
H 14 x 1.0079 14.1106 5.7
0 2 x 15.9994 31.9988 12.9
B 10 x 10.81 108.10 43.5
Na 2 x 22.98977 45.97954 18.5
Total 248.23294 100.0
Table 4.11 The preliminary mass percentages of the disodium salt of BHMC, from 
Galbraith Laboratories.
Actual Mass Percent
Element %
C 17.25
Run 1
Na 10.63
B 35.83
Run 2
Na 6.08
B 13.26
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4.4.2.4 Synthesis of the Disodium Salt of Bis(Hydroxymethyl)-o-Carborane, Using
Sodium Metal and Ether
Materials
The preparation of the sodium metal was described above. A new, 
unopened can of anhydrous diethyl ether (Mallinckrodt) was used, therefore, no 
further purification was performed. The reaction was preformed in a 3-neck 
100-mL round bottom flask equipped with a gas inlet, attached to a drying tube, 
a magnetic TE stir bar, and a gas outlet. The BHMC (Dexsil) and the sodium 
metal were weighed out in metal tins. Heating was accomplished with a heating 
mantle controlled by a variac.
Synthesis
50 mL of anhydrous diethyl ether was added to the sodium metal (0.11 g, 
0.0049 mol, less than 20% molar excess), followed by BHMC (2.2909 g, 0.0112 
mol), with stirring. The BHMC was introduced by funnel, and both the pan and 
funnel were rinsed with ether. The BHMC dissolved in the ether, and the 
colorless solution was heated below 40°. The solution was stirred for 7.3 hours 
and turned brown in color. The ether was removed by rotovaporation and orange- 
brown crystals remained. The crystals were extracted with hot acetonitrile,
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which removed the orange color. The viscous yellow solution was transferred to 
a recrystallizing dish and vacuum dried for 47 hours at 0°C. A yellow powder 
was recovered with quantitative yield ( ~  100%).
4.4.2.5 Characterization
The FTIR spectrum of the disodium salt of BHMC, as a KBr pellet, 
compared to the pure BHMC monomer can be seen in Figure 4.17. The !H-NMR 
spectrum of the BHMC salt, in acetonitrile-d3, can be seen in Figure 4.18, and a 
list of its peaks can be seen in Table 4.12.
4.4.2.6 Results and Discussion
An advantage of this procedure was to allow the anhydrous ether to be used 
without further purification. Although the B-H stretch appears at 2585.0 cm'1, the 
O-H stretching peak at 3414.3 cm'1 could either be assigned as the alcohol or from 
external moisture. The proton-NMR spectral data, however, showed a substantial 
decrease in the peak around 4 ppm, in Figure 4.18. This was similar to the NMR 
spectrum of the BHMC salt formed by sodium metal and THF, which can be seen 
in Figure 4.15, however, there was no splitting of the peaks. Therefore, the
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synthesis was assumed to be successful.
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Table 4.12 The NMR of the salt of BHMC made from sodium salt and ether, in acetonitrile-d3.
Peak/ppm Multiplicity Description (H)
4.17 s c h 2
2.16 s B-H
1.94 s acetonitrile
A
ppm
■V*.
i i'| i i i i i i i i i | i i I r i i n  i | i i i i i n  i i | i i i—i r i i' l l  | ' it  i1 't i i i i i | i i~rr 
7  6  5 4  3  2
ppm
l j  r r i r
1
Figure 4.18 Proton-NMR spectrum of BHMC salt in CD3CN.
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4.4.2.7 Conclusion
Sodium was chosen over lithium and potassium, as the base, for several 
reasons. Since the reaction was originally run in DMSO and the sodium phenate 
salt of BPA dissolved in DMSO, it was believed that the sodium salt of BHMC 
was soluble as well. The sodium metal was also readily available. Moreover, 
literature describing the use of lithium in removing alcoholic hydrogens was not 
found, and the reactivity of excess lithium with the methylene hydrogens of 
BHMC was unknown. And lastly, the author was informed that sodium metal 
would only remove the alcoholic hydrogens11. In retrospect, reacting butyl- 
lithium or something similar, with the BHMC monomer could have been 
performed to test the reactivity of lithium to the different hydrogens.
The disodium salt was not made in situ because the risks involved were 
unknown. The salt could have been made in a dipolar aprotic solvent and the 
reaction may have been safe if the excess sodium was removed manually before 
any heat was applied, however, this is purely speculation.
In trying to make the disodium salt, sodium hydride and sodium metal were 
used. Of the reactions conditions, the use of sodium metal and THF seemed to
"Professor C. J. Abelt private communication.
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give quantitative yields of the salt most efficiently (i.e. shorter reaction period, 
minimum amount of steps needed).
The FTIR spectral data and the LPT give strong evidence for the formation 
of the salt. The melting point data, and the difficulty in solubilizing the salt 
compound support the conclusion that the substance is not BHMC. However, 
since the compound is not very soluble in many solvents, obtaining an elemental 
analysis becomes difficult. These problems have not only been experienced by our 
laboratory, but by Dr. Richard Partos at the NASA Langley Research Center, and 
by Galbraith Laboratories as well. Preliminary, though unreproducible, results by 
Galbraith show that sodium and boron are definitely present in the compound in 
roughly the correct proportions, although at levels lower than calculated. This 
could be caused by solubility problems. Another elemental analysis, using some 
different conditions, is currently being conducted by Galbraith.
I l l
4.4.2.8 Synthesis of the Poly(Carborane-Sulfone), Using the Disodium Salt of 
BHMC
Materials
The disodium salts, from the sodium metal in anhydrous THF and the 
sodium metal in anhydrous ethyl ether syntheses, were used12. The solids were 
dissolved in l-methyl-2-pyrrolidinone (NMP), from Aldrich, to 15 wt% solids. 
Approximately 50 vol% of toluene (Fisher), based on NMP, was used. Both 
NMP and toluene were distilled prior to use.
The glassware was flushed with nitrogen for one hour, prior to use. 
Toluene was added to the Dean-Stark trap so that there was no loss of solvent13. 
The dry reagents were weighed in metal pans and added to the 50-mL round 
bottom flask via a funnel. The metal pans and the funnel were rinsed with NMP, 
and the rinsings were added to the flask.
The reaction was performed in a 50-mL round bottom flask equipped with 
a Dean-Stark trap, outfitted with a condenser and gas outlet, a thermometer, and 
a gas inlet attached to a drying tube. Heating was accomplished using a heating
,2There was not enough of each salt, so both were used. They were also readily available.
l3During previous poly condensation reactions, when the temperature increased, some of the solvent 
was turned to vapor, condensed, and was collected in the Dean-Stark trap. There was a small solid ring 
along the glassware where the liquid level decreased.
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mantle controlled by a variac. All the joints were greased and wrapped with 
Parafilm, while the Dean-Stark and reaction vessel were insulated with aluminum 
foil.
Synthesis
The disodium salt of BHMC (2.2342 g, 9 mmol), DCDPS (2.5847 g, 9 
mmol), and NMP (36.0 mL) were added to the round bottom flask, with stirring. 
After the monomers dissolved, 8.0 mL of toluene was added, and the solution was 
heated. The mixture was first heated at 155°C, the optimum temperature for 
polymerization, for 24 hours then heated between 161 and 165°C for 48 hours. 
The dark mocha brown solution was allowed to cool to 80°C and vacuum filtered, 
to remove the inorganic salts. 25-mL of the brown filtrate was collected and 
precipitated in a 50:50 v/v solution of methanol and water. A light fluffy 
precipitate was obtained. The powder was dissolved in methylene chloride, 
filtered, and reprecipitated, using a 10:1 ratio of the 50:50 methanol/water to the 
polymer solution. The solid was collected by vacuum filtration and washed with 
small portions of cold methanol. After air drying overnight, the polymer was 
stirred in deionized (DI) water at 90°C for 8 hours, removing trapped salts. The 
solution was then vacuum filtered. During the first filtration, white solids were 
collected.
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During the second filtration, beige solids were collected. Both the powders were 
dried in a vacuum oven for 15 hours at 100°C. Two products were collected: 
0.7997 g of the white powder and 0.4866 g of the beige powder.
4.4.2.9 Characterization
Several characterizations of the poly(carborane-sulfone) from the reaction 
of DCDPS and the disodium salt of BHMC in NMP were performed. Figure 4.19 
shows the Fl'lR spectra of the polymer compared with the starting materials. 
Table 4.13 lists several Cl-aromatic vibration peaks found in the spectrum. *H- 
NMR spectroscopy of the white and beige polymer, in DMSO-d6, can be seen in 
Figures 4.20 and 4.21, respectively. The list of peaks for Figures 4.20 and 4.21 
are found in Tables 4.14 and 4.15, respectively. The melting point of the white 
powdered polymer using the MEL-TEMP apparatus was found to be between 144 
and 146°C, while the beige polymer melted between 142 to 144°C. From DSC, 
the white sample melted at 150.3°C, and the beige sample at 146.9°C. Both 
samples were compared with pure samples of DCDPS and BHMC and can be seen 
in Figures 4.22 and 4.23, respectively.
From the DSC and NMR spectral data, we concluded that the beige and 
white powders were identical in nature, and further testing was not performed on
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the beige polymer. The GPC data for the white polymer is shown in Figure 4.24. 
A portion of the white sample was sent to Galbraith Laboratories for elemental 
analysis. Once again, problems with solubility caused the analysis of boron to be 
unreproducible. The calculated and reported elemental percentages are in Tables 
4.16 and 4.17, respectively. Table 4.16 also shows the mass percents calculated 
for the DCDPS monomer.
The inorganic salt thought to be NaCl was also analyzed by FTIR 
spectroscopy as a KBr pellet. The salt spectrum was compared to BHMC, as seen 
in Figure 4.25. The melting point by MEL-TEMP was not found because the salt 
began degrading at 350°C.
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Table 4.13 FTIR data of the PCSU polymer by polycondensation.
Wavelength/cm'1 Intensity Description
1473.5, 1110.8, 
1011.3, 745.2, 
634.0
s Cl-aromatic vibrations
160-
DCDPS
140-
120 -
80j
6 0 -
BHMC
4 0 -
2 0 -
0-
Polymer A
- 2 0 -
-4 0 -
-6 0 -
-6 0 -
100015003500 3000 2000
W a v e n u m b e r s  ( c m - 1 )
4000 2500
Figure 4.19 FTIR spectra of the condensation polymer, DCDPS, and BHMC as KBr pellets.
Table 4.14 ‘H-NMR data of the white polymer by polycondensation in DMSO-d6.
Peak/ppm Multiplicity Description (H)
7.92 d aryl H next to S02
7.63 d aryl H next to oxygen
3.37 s absorbed water from the 
solvent
2.49 s DMSO-d6
k*
\'i\
ppm i
; \
i
1 1 I I I '  •  I 1 |  I I 1 '  1 1 1 1 1 |  •  I '  I I  '  I t  !  j  |  l  |  ,  |  |  |  |  |  |  |  )  |  |  |  |  i |  |  j  |  |  |  |  |  |  |  |  |  |  |  |  I |  |
8  7 6 5 4  3
ppm
Figure 4.20 Proton-NMR spectrum of the white condensation polymer in DMSO-d6.
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Table 4.15 The NMR data of the beige polymer by polycondensation in DMSO-d6.
| Peak/ppm Multiplicity Description (H)
7.90 d aryl H next to S02
7.64 d aryl H next to oxygen
3.39 d absorbed water from the 
solvent
1 2 « s DMSO-d*
!\r \
ppm
\ _
/ \
l i : : I! I I I I I I I I > ' 1 1 I 1 I I I I i I I I |  I I I I I 1 I I 1 I '  1 1 1
I | I ! I I t I I
3
ppm
Figure 4.21 Proton-NMR spectrum of the beige condensation polymer in DMSO-d6
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Figure 4.22 DSC data for the white condensation polymer.
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Figure 4.23 DSC data for the beige condensation polymer.
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Table 4.16 The calculated mass percent for the polymer repeat unit.
Calculated Mass Percent
Repeat Unit DCDPS
Element % Element %
C 45.9 C 50.2
S 7.7 S 11.2
B 25.8 B —
Na — Na —
Table 4.17 The preliminary mass percentage of the polymer repeat unit from Galbraith 
Laboratories.
Actual Mass Percent for the Repeat Unit
Element %
C 49.60
B < 0.07 & < 0.08
S 11.11
Na < 0.08
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4.4.2.10 Results and Discussion
The mechanism of the polycondensation reaction is similar to that of 
polysulfone, which was described in section 2.4, Chapter II. The reaction 
undergoes a nucleophilic aromatic, addition-elimination substitution reaction. 
Unlike the polysulfone reaction where the phenate salt of BPA was made in situ, 
the disodium salt was made and isolated beforehand. However, the BHMC salt 
should function, in a similar manner as the BPA salt, as the nucleophile and 
displace chloride.
The reaction was run over a three day period without incident. 
Nevertheless, the polymer was not synthesized. During the work-up a 50:50 ratio 
of a methanol/water solution was needed since the product did not reprecipitate in 
the methanol alone. This was the first indicator that the molecular weight of the 
product, if  the product was a polymer, was very low.
From the FTIR spectral data, it seemed that the polymer was not 
synthesized because the B-H peak was not evident, and the polymer spectrum 
looked similar to that of DCDPS. The FTIR spectrum was only taken of the white 
polymer sample, while *H-NMR spectroscopy and DSC were conducted on both 
samples.
The NMR spectra of the white and beige samples indicate that the products
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were identical. However, both spectra showed aromatic doublet proton peaks 
which were similar to the DCDPS proton-NMR spectrum, and no boron-cage 
proton peaks. Furthermore, the melting points from DSC and by MEL-TEMP, 
for both products, coincide with the melting point obtained for DCDPS.
The molecular weight of this compound could not be determined using 
GPC. A calibration curve was needed, however, no low molecular weight 
standards were available. GPC was used to show the composition of the polymer 
sample. The results of the GPC data indicate that the white polymer sample tested 
has a very low molecular weight, and is made up of two different compounds; at 
retention volume 104.2 and 112.2. The sample is largely composed of the 
DCDPS monomer, whose retention volume is 112.2. Since the BHMC monomer 
appears at 107.1, the 104.2 peak is either the salt of BHMC, a reaction product 
such as an oligomer or dimer, or some impurity. Proton-NMR and the GPC data 
seem to indicate positive results about the formation of the desired polymer. 
However, the FTIR spectral and MEL-TEMP data contradicted this conclusion. 
The peaks in the FTIR spectrum of the condensation product and its melting range 
strongly resembled those of DCDPS.
Looking at the spectrum in Figure 4.19, one sees that the peaks in the 2000- 
500 cm'1 region represent the Cl-aromatic and S02 vibrations from the DCDPS 
monomer, and the tell-tale B-H stretch at 2600-2500 cm'1 in all carborane
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compounds was not evident. When compared to the FTIR spectrum of DCDPS, 
the peaks are almost identical.
The filtered inorganic salt was assumed to be NaCl. Although the FTIR 
spectrum of the filtered salt was not clean, testing revealed a small B-H stretch at
2520.1 cm 1. This could accounts for the missing B-H stretch in Figure 4.19.
The above information implies that the polymer was not formed after 3 
days, and the starting materials were recovered unreacted. The preliminary results 
supplied by Galbraith also supports this conclusion. By comparing the calculated 
mass percentages of the DCDPS monomer with the reported percentages found in 
Tables 4.16 and 4.17, one can see that the results are very similar.
Although the starting monomer was recovered instead of a polymer, if  the 
reaction was rerun I would change the following conditions. These changes may 
aid in the success of the polymerization:
(1) Little, if  any, addition of toluene. Toluene was added to the reaction 
to remove any water in case some of the original BHMC was mixed in with the 
BHMC salt. (2) Let the reaction run for a week and at a higher temperature.
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4.4.2.11 Conclusion
Even though the salt was believed to be synthesized, the polymerization was 
not successful. Analysis by DSC, MEL-TEMP, NMR, FTIR, and GPC all 
indicated that DCDPS was the main or only product from the polymerization. 
Moreover, the FTIR spectrum of the salt filtered from the reaction, and thought 
to be NaCl, was actually the BHMC salt. The peak around 3700 to 3100 cm 1 is 
probably due to external moisture.
Although synthesis of the polymer was doubtful, the white polymer sample 
was sent to Galbraith for elemental analysis. Although the results were only 
preliminary, the similar percentages found and calculated for carbon and sulfur 
indicates that the "polymer" was actually the unreacted DCDPS.
4.4.3 STRATEGY 3: PHASE-TRANSFER-CATALYSIS
Nucleophilic reagents such as inorganic anions are usually soluble in water, 
but not in organic solvents, while organic reagents are soluble in organic solvents, 
and not water. The interaction between the two reagents usually occur at the 
interphase of the heterogeneous system, which is the main reason reaction rates are
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so slow. The use of aprotic solvents usually reduce this problem by solubilizing 
the inorganic and the organic substrates. However, sometimes during the 
polycondensation reactions performed above, a ring of solids was evident along the 
liquid level due to the loss of solvent. The lack of a homogeneous reaction 
mixture may have been why the polymer failed to form. This lack of homogeneity 
is especially prevalent for nucleophilic substitution reactions14. Since the 
condensation reaction was not successful in forming the carborane-sulfone 
polymer, a phase-transfer catalysis (PTC) reaction was tried. The new goal was 
to couple the two monomers via an ether linkage.
Phase-Transfer Catalysis Condensation Concept
In a phase-transfer catalysis (PTC) there are two phases, an aqueous and an 
organic phase. The nucleophile is carried from the aqueous phase into the organic 
phase by a cationic phase-transfer catalyst. The catalyst forms a nonsolvated ion 
pair with the nucleophile. The ion pair is formed at the interface of the two 
phases, which is then transported into to organic phase and reacts with the organic 
substrate.
In our case the two phases were water and methylene chloride, while the 
catalyst was the crown ether, dicyclohexyl-18-crown-6 (DC-18-C-6), illustrated 
below.
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The presence of crown ethers, quaternary salts, or cryptates are known to increase 
reaction rates13,16,17. Also, it was reported that the DC-18-C-6 catalyst has 
more affinity for the potassium cations.
Studies by Imai et al.16 demonstrated that DC-18-C-6, in chlorinated 
hydrocarbons or certain aromatic solvents, produced the highest molecular-weight 
aromatic polyethers from bis(4-chloro-3-nitrophenyl)sulfone and BPA.
The nucleophilic reagent, the dipotassium salt of bis(hydroxymethyl)- 
carborane, was formed by reacting BHMC with aqueous potassium hydroxide 
(KOH). This was the first step in the synthesis. In an article by Wiesboeck and 
Hawthorne1* the o-carborane cage is degraded by methoxide ion or other strong 
bases, which selectively removes one boron atom at 40°C. However, data on 
boron cage degradation at lower temperatures was not found. The use of KOH 
was also supported by a procedure by Heying et al.19 in which BHMC was 
produced from l,2-bis(acetoxymethyl)-carborane by adding bis-(acetoxymethyl)-
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carborane to a basic solution; 27 grams of KOH in 30 mL of water added to 200 
mL of methanol. Therefore, it was reasoned that if using a strong base without 
applying heat would not degrade the carborane cage, then the integrity of the cage 
will be upheld if  DC-18-C-6 and BHMC, in aqueous KOH, were used.
The second step involved DC-18-C-6 complexing with the alkali-metal 
cations (K+), to form a nonsolvated ion pair, which made the anion a stronger 
nucleophile. The rate of reaction would also be enhanced because both the 
nucleophile and the organic substrate, 4-chlorophenyl sulfone (DCDPS), were in 
the same phase. A depiction of the PTC mechanism is shown in Figure 4.26.
h2o/koh layerBHMCOH-
BHMC
HO CH2—C -C  CH2 -O
BHMC
c r
C/-DCDPS
O- CH2—C -C  CH2 -O
c rDCDPS
Figure 43,6 An illustration of the phase-transfer catalysis mechanism.
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4.4.3.1 Experimental
Synthesis of Poly(Carborane-Sulfone) Polymer16
Materials
l,2-Bis(hydroxymethyl)-c?-carborane (BHMC), from Dexsil, dicyclohexyl- 
18-crown-6 (DC-18-C-6), from Aldrich, potassium hydroxide (KOH), and 
dichloromethane, both from Fisher, were used as received. 4-chlorophenylsulfone 
(DCDPS), from Aldrich, was recrystallized from toluene. A 1.14 M aqueous 
KOH solution was made using KOH (0.6376 g, 11.3634 mmol) and 10.0 mL of 
DI water. The liquid reagents were measured using volumetric pipets. The 
reaction was carried out in a 30-mL beaker equipped with a magnetic TE stir bar, 
and was covered with a watch glass.
Synthesis
To the beaker was added, with stirring, BHMC (0.5108 g, 2.5 mmol) and 
5.0 mL of a 1.14 M KOH/water solution. The solution was stirred for several 
minutes to insure thorough mixing. DC-18-C-6 (19.4 mg, 0.05 mmol) was added 
to the cloudy mixture. Upon addition of the catalyst, the solution became clearer 
and contained white aggregates. A solution of DCDPS/dichloromethane
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(0.7183 g, 2.5 mmol in 4.0 mL of solvent) was introduced rapidly to the slurry. 
There were two layers visible upon addition of this solution. Thorough mixing of 
the two layers was achieved with rapid stirring. The beaker was then covered with 
a watch glass. The solution was stirred for 24 hours at room temperature, about 
20-22°C, and was a thick white slurry20 at the end. The solution was washed 
with water21 and was then poured into boiling water to remove the 
dichloromethane. White flakes were collected by vacuum filtration and dried in 
a vacuum oven at 120°C for 22 hours (0.8250 g of the white powder was 
collected, 67% yield22).
4.4 .3 .2  Characterization
Several analyses of the polymer were conducted. The FTIR spectrum of 
the PTC polymer, as a KBr pellet, can be seen in Figure 4.27, and a partial list 
of peaks are in Table 4.18. This spectrum compared to those of BHMC and
^At this point the water layer should be decanted. There was a very small amount of water, so 
this step was disregarded. However, addition of more water and dichloromethane would have aided this 
step.
2,Water was just added to the solution and stirred. The water solution was not decanted because 
after the stirring had stopped, two layers were not formed. However, more water and dichloromethane 
should have been added.
22The yield of the polymer flakes would have been greater but some of the solution was spilled 
during the filtration process.
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DCDPS, can be seen in Figure 4.28. The *H-NMR spectrum of the disodium salt 
of BHMC, in chloroform-dj, can be seen is Figure 4.29, while the spectrum of the 
polymer is shown in Figure 4.30. The NMR proton peaks for the salt and the 
polymer are in Tables 4.19 and 4.20, respectively. The NMR spectroscopy of the 
polymer was also performed in DMSO-d6, however, the spectrum in chloroform 
was a better representation of the sample.
The GPC of the retention volumes for the polymer, BHMC, and DCDPS 
can be found in Figure 4.31. All the samples were dissolved in THF. The DSC 
data of the PTC polymer, compared with the pure BHMC and DCDPS samples, 
can be seen in Figure 4.32. The melting temperature of the polymer was obtained 
by MEL-TEMP. An elemental analysis of the polymer compound was performed 
by Galbraith Laboratories. The calculated mass percentages for the polymer, 
DCDPS, and BHMC are listed in Tables 4.21 and the actual mass percentages 
from Galbraith Laboratories are listed in Table 4.22. The white flaky polymer had 
a very pungent odor; very sweet and musty.
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Table 4.18 t  l'lK data of the polymer by phase-transfer catalysis.
Wavelength/cm'1 Intensity Description
4000-3300, 3000- 
2800, 1850-1650
w External moisture
3092.0 m CH2 alkane stretch
. 2576.1 s, br B-H stretch
1473.5, 1108.8,
1089.6, 1010.1, 
746.8, 637.1
s Cl-aromatic vibrations
1284.3 s C-O-C alkyl aryl ether
120
1 1 0 -
m
5 0 -
3 0 -
10003500 3000 15004QQ0 20002500
W a v e n u m b e r s  ( c m - 1)
Figure 4,27 FTIR spectrum of the PTC polymer as a KBr pellet.
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Table 4.19 The NMR data of the BHMC salt in chloroform-dt.
Peak/ppm Multiplicity Description (H)
7.26, 1.26, 0.87 s chloroform
3.71 s B-H?
1.56 s absorbed water from 
chloroform
ppm
Figure 4.29 Proton-NMR spectrum of the BHMC salt in CDC1,.
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Table 4.20 lH-NMR data of the polymer by phase-transfer catalysis.
Peak/ppm Multiplicity Description (H)
7.87 d aryl H next to S02
7.50 d aryl H next to oxygen
7.26, 1.25, 0.88 s chloroform
4.22 s B-H or CH2
3.67 s B-H?
1.57 s absorbed water from 
chloroform
J J  - J -
t—i—:—r—i—i—i—i—r
I  |  i !
j !  j !
I V
ppm
-i 1-------1-------1-------1-------1 i i ■ r
ppm
t t  r r11,—i—ri  i i  i  i  i  i  r
ppm
Figure 430 Procon-NMR spectrum of the PTC polymer in CDC13.
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Table 4.21 The calculated mass percent of the PTC polymer.
Calculated Mass Percent
Repeat Unit of the 
PTC polymer
Dipotassium salt of 
BHMC
DCDPS
Element % Element % Element %
C 45.9 C 17.1 C 50.2
S 7.7 S - - S 11.2
B 25.8 B 38.5 B —
Na — Na — Na ~
Table 4.22 The preliminary mass percent of the PTC polymer from Galbraith 
Laboratories.
The actual mass percent
Element %
C 45.61
S 9.43
B 8.08 & 5.95
Na < 0.5
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4.4.3.3 Results and Discussion
The FTIR spectral data suggested that the polymer was made, or at least an 
ether linkage of the two monomers was accomplished. The O-H peak was not 
evident in the spectrum, but the peaks indicating a Cl-aromatic stretch, the B-H 
cage stretch, and the C-O-C peak were apparent. The appearance of the Cl- 
aromatic peak could indicate that the linkage was not formed, but may also 
indicated that the product has chloride endgroups. Also, the lack of an O-H peak 
suggests that the salt was indeed formed in KOH and water even if  the 
polymerization did not occur. The NMR spectrum also implied the success of the, 
ether bond linking BHMC and DCDPS, product. Peaks representing the aryl 
protons in DCDPS and the proton peaks in the disodium salt of BHMC were also 
evident.
The GPC data of the polymer sample by PTC showed two peaks with the 
same retention volumes as the two monomers; 107.1 for BHMC and 112.2 for 
DCDPS. However, the product was possibly insoluble in THF and thus would 
have been filtered out.
The most curious piece of information was the melting point of the sample. 
The MEL-TEMP showed two melting points, one at 136 to 140°C and the other
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two different materials. The melting point of pure BHMC, by MEL-TEMP, was 
found to be between 288 to 292°C, while its salt began degrading after 268°C, and 
pure DCDPS melted between 145 and 147°C. Although the lower melting points 
could be attributed to the mix of the two monomers, the 180 to 184°C melting 
point seems too low for the BHMC monomer or its salt.
Since the characterizations did not all agree, the polymer sample was sent 
away for elemental analysis. Unfortunately, a precise analysis of boron could not 
be conducted by Galbraith Laboratories because of solubility problems. They are 
currently attempting to get more reliable results. However, the preliminary data 
show evidence of boron and sulfur, although, because of the solubility problem, 
the percentages found do not match some of our calculated values.
4.4 .3 .4  Conclusion
In the phase transfer method, the BHMC salt was formed and the crown 
ether was successful in drawing the inorganic salt into the organic phase.
The FTIR, NMR, and elemental analysis data suggests that the formation 
of at least an oligomer via an ether linkage was successful. The GPC and the 
melting point data seem to indicate that the product contains some unreacted
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monomer. The FUR spectrum shows the B-H cage peak, the C-O-C ether link, 
the lack of the O-H peak, and the Cl-aromatic peaks. So, two things might have 
happened, the linkage was formed or the dipotassium salt and DCDPS, 
individually, made up the heterogenous mixture.
If the linkage was formed then only the monomers were soluble in THF for 
the GPC testing, while the polymer (or oligomer) was filtered out. The C-O-C 
peak and the Cl-aromatic peak in the FTIR seems to indicate that the ether linkage 
was formed and the end functional groups were Cl. If the two monomers were 
recovered, with no ether link formed, and analyzed by FTIR spectroscopy, then 
BHMC could have been converted to its salt, which could account for the lack of 
the OH peak. The NMR spectral data showed characteristic proton shifts for both 
the DCDPS and the BHMC monomers.
The existence of two melting points for the product indicates that there is 
a mixture. Neither melting point corresponded to those of the two monomers 
suggesting that a different product was made. Difficulties in dissolving the 
polymer product make some of the analyses inaccurate. This is particularly true 
of the GPC and elemental analyses.
The test results, though encouraging, are not conclusive. However, the 
experiment demonstrated that the PTC method of making polymers could be very 
effective. Its main advantage is that the reaction can be run under gentler
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conditions such as lower temperature and with low boiling organic solvents. The 
use of polyethylene glycols (PEGs) as catalysts has also been shown to be 
successful. Although polymerization is much slower than with crown ethers, 
PEGs are inexpensive and nontoxic16.
4.5 THE PHASE-TRANSFER CATALYSIS (PTC) PRODUCT
Both the bis(hydroxymethyl)-carborane (BHMC) and the 4-chlorophenyl 
(DCDPS) sulfone monomers are known to dissolve in tetrahydrofuran (THF). 
However, the disalt of BHMC does not. The product recovered from the PTC 
reaction was analyzed by Galbraith Laboratories, though not reproducible, and was 
found to contain boron and sulfur. However, the mass percentages calculated for 
boron, in the polymer repeat unit, was much higher than the actual percentages 
reported by Galbraith, but lower than the boron calculated in the BHMC 
monomer. This may be due to the difficulties in solubilizing the boron-containing 
compound. Therefore, after examining these results, it was decided to run the 
following test experiment.
Experimental
The product, 164.4 mg, was added to a 25 mL of THF in a 30 mL beaker,
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covered with a watch glass. Within the first half hour, some white solids were 
suspended in solvent. However, at the end of 2 hours, the solution looked very 
clear and no solids were evident. The solution was then vacuum filtered, and no 
solids were collected.
Results and Discussion
Given enough time, all of the solid material seemed to dissolve in THF. 
Perhaps the compound, at a microscopic level, did not dissolve in the THF, and 
the filter paper was too porous.
Conclusion
Theoretically, if the product was made up of various compounds then this 
would be a good separation technique. If monomers and other impurities were 
contained in the compound, then they would dissolved in the THF and be filtered 
through. The solids that remained undissolved, such as a disalt of the BHMC or 
another derivative, would then be recovered. However, no solids were collected. 
This is good evidence that a reaction has occurred, since one of the starting 
materials, the salt of BHMC, is not soluble in THF.
APPENDIX A
4A.1 6,9-BIS(ACETONITRILE)-DECABORANE 
4A. 1.1 Synthesis and Purification
To produce 6,9-bis(acetonitrile)-decaborane (BAND), decaborane (B10H14) 
is attacked by two moles of a Lewis base (L) in refluxing benzene, diethyl ether, 
or dipropylethei23 (1).
Bl0H14 + 2 L  -> Bi0Hl2(L)2 + H21 (1)
Where L - acetonitrile, dialkylsulfide, alkylamine
According to Schaeffer24, when a decaborane solution in acetonitrile is 
heated to reflux, the solution becomes light yellow and one mole of hydrogen gas 
is evolved per mole of decaborane used. Cooling for one hour after reflux allows 
a white needle-shaped precipitate to form. The slight color can be removed by 
washing with the nitrile.
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Since this reaction looked relatively simple, it was decided to make BAND. 
However, there was not enough decaborane (less than 1 gram) available in the 
laboratory. Fortunately, BAND25 was found (less than 3 grams), although it was 
yellow, with a tinge of green, in color. Purification of BAND was attempted 
through recrystallization and washing.
Recrystallization was accomplished in a 100-mL filter flask, equipped with 
a magnetic teflon (TE) stir bar, under a nitrogen atmosphere. The gas was 
introduced into the flask via a hose attached to a disposable pipet. The pipet was 
inserted into a cork, which sealed the neck opening of the flask. A rubber hose, 
connected to the side arm of the flask, was placed near the back of the hood to 
readily remove the acetonitrile fumes.
In a 100-mL filter flask a small amount of BAND was dissolved in 25 mL 
of acetonitrile. The solution was light brown and, upon heating, turned an orange 
color. The solution was gravity filtered into a 50-mL flask, cooled to room 
temperature, and the flask was placed in an ice bath for 30 minutes. The orange 
crystals were collected by filtration. Washing with a small portion of acetonitrile 
removed the orange color. The fine yellow, needle-like crystals were oven dried 
at 100°C.
“ Made previously, by another student.
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4A .1.2 Characterization
The melting points of BAND and decaborane were determined using glass 
capillary tubes. The spectrum of the recrystallized BAND crystals, as a potassium 
bromide (KBr) pellet, and a list of its peaks can be found in Figure 4A.1 and 
Table 4A .1, respectively. The sample was also analyzed as a Nujol mull, and as 
a dissolved sample in methylene chloride between NaCl plates. However, the 
pellet method gave the best spectrum. A comparison of BAND and pure 
decaborane, also as KBr pellets, can be seen in Figure 4A.2.
To ascertain if  the recrystallized sample was truly BAND, a *H-NMR 
spectrum, dissolved in acetonitrile-d3 and DMSO-d6, were obtained. However, the 
former gave a better spectrum, which can be seen in Figure 4A.3, and the peak 
assignments are listed in Table 4A .2. A *H-NMR spectrum of BAND, washed 
with ethanol and dissolved in DMSO-d6, was also analyzed. However, this 
spectrum was not included because the resolution was so poor that individual peaks 
could not be discerned.
4A.1.3 Results and Discussion
Recrystallizing BAND from acetonitrile was tried, however, the crystals did
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not readily precipitate and were still colored. Since there was less than 3 grams 
of BAND in the laboratory, a very small fraction of BAND was recrystallized, and 
may account for the difficulty in recrystallization.
For curiosity, BAND was washed with ethanol, which removed the greenish 
color from the sample. The crystals recovered from this method were also yellow, 
and a !H-NMR spectrum was taken of this sample. As stated above, this sample 
was analyzed in DMSO-d6 and did not give a clear spectrum. Therefore, it was 
not included.
The purity of the compound could not be determined since the BAND 
crystals did not melt. Although the literature24 states that BAND melts over 200°C 
with decomposition, experimentally, the substance began decomposing at 320°C 
with no sign of melting. The melting point of decaborane was found to be 
between 95 and 97°C. Therefore, we could conclude that the sample was not 
decaborane.
FTIR analysis was used to distinguish the functional groups, such as the 
borane cage and the acetonitrile, in the compound. Specific peaks for these 
functionalities were confirmed and listed in Table 4A. 1. To insure the validity of 
the IR data, JH-NMR spectroscopy was also conducted on the sample. The sample 
in DMSO-d6 did not give a nice spectrum. Unfortunately, the only other 
deuterated solvent able to solubilize BAND was acetonitrile-d3. The deuterated
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solvent gives a NMR signal around 1.94 ppm. Therefore, the peak at 1.94 ppm 
could hot be assigned because it could not be determined if the signal was due to 
the acetonitrile unit in the bis(acetonitrile)-decaborane compound or from the 
deuterated solvent.
Integration of these peaks did not help elucidate the structure. The 
integration area ratio was 6:6 and the acetonitrile peak was not integrated because 
it was assumed to be the solvent. The literature26 reports proton ppm values for 
decaborane, however, the solvent used was carbon disulfide and is not helpful in 
this case, since the peak shifts are thought to be solvent dependent. However, the 
integration numbers for the peaks do account for all twelve B-H protons.
4A .1.4 Conclusion
Previously synthesized bis(acetonitrile)-decaborane was purified by 
recrystallization, from acetonitrile. Although the melting point of BAND could 
not be determined, the compound was clearly not decaborane, whose melting point 
was between 95 and 97°C. The FTIR spectral data confirmed the existence of 
BAND, although, the sample was colored. Functional evidence of BAND was 
demonstrated by the appearance of the B-H stretch at 2529.3 cm'1 and the aliphatic 
C-CH3 stretches at 2979.0 and 2918.6 cm'1. The aliphatic nitrile (CN) stretches
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at 2359.2 and 2337.3 cm’1 and the BN stretch at 1410.2 cm’1 were also seen, 
which were not evident in the decaborane spectrum. Although aliphatic nitriles 
absorb in the 2260 to 2240 cm’1 region, the effect of the boron cage on their 
position is unknown.
Proton-NMR spectroscopy was used to validate the FUR spectral data, 
however, BAND dissolved best in acetonitrile. Unfortunately, the peak at 1.94 
ppm could be not be distinguished as the acetonitrile unit from the solvent, BAND, 
or both. The peaks between 0.30 to 1.60 ppm are probably not due to 
bis(acetonitrile)-decaborane, because they are too small and broad. They may be 
aliphatic hydrocarbon impurities. Conformation of BAND could not be obtained 
from the NMR spectral data.
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Table 4A.1 FTIR data of 6,9-bis(acetonitrile)-decaborane as a KBr pellet.
Wavenumber/cm1 Intensity Description
2979.0, 2918.6 s C-H stretch (C-CH3)
2529.3 s B-H stretch
2359.2, 2337.3 w aliphatic nitrile (CN) stretch
1410.2 s B-N stretch
993.6 s B-C stretch
790.7, 779.7 m B-B stretch
[NB: For intensity: (s)trong, (m)edium, (w)eak, (br)oad]
10
0
152
ooo
Fi
gu
re 
4A
.1 
FT
IR
 
sp
ec
tru
m 
of 
BA
ND
 
as 
a 
KB
r 
pe
lle
t.
BA
ND
153
Fi
gu
re
 
4A
.2 
FT
IR
 
sp
ec
tra
 
of 
BA
ND
 
and
 
de
ca
bo
ran
e 
as 
KB
r 
pe
lle
ts.
154
Table 4A.2 »h -NMR data of 6,9-bis(acetonitrile)-decaborane in CD3CN.
Peak/ppm Multiplicity Integration Description (H)
2.43 d 6 B-H
2.16 d
6
B-H
2.12 d bridge hydrogens
1.94 m — CH3- (acetonitrile)
[NB: For multiplicity: (s)inglet (d)oublet, (m)ultiplet]
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Figure 4A.3 Proton-NMR spectrum of BAND in CD3CN.
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4A.2 2-BUTYNE-l,4-DIOL DIACETATE
In order to make bis(hydroxymethyl)-carborane (BHMC), 
bis(acetoxymethyl)-0 -carborane (BAMC) and an acetylenic compound with ester 
terminal groups (2) were needed.
c h 3c o 2c h 2c =c c h 2c o 2c h 3 (2)
The compound (2) was not commercially available, but could be synthesized by 
esterifying 2-butyne-l,4-diol, which was available.
According to the literature27,28,29, the alcoholic end groups decompose 
decaborane and decaborane-lewis base complexes. These borane precursors need 
protection from the hydroxy group. The best method was the acylation of the 
acetylenic alcohol. The acyl groups protect the carborane units and can be easily 
removed. In this particular case, the reaction of decaborane and 2-butyne-l ,4-diol 
is also highly exothermic, which is followed by combustion27.
A simple procedure for the esterification of the butynediol to the buytnediol 
diacetate, as shown in equation (3), was found30. The butynediol is refluxed in 
acetic anhydride producing acetic acid and the desired ester.
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H O -C -C E C -C -O H  
h 2 h2 + 2 yH3C - c j o
reflux 2 hr 
95-100°C
(3)
2 CH3C (0)2H +
°  HII ■•2
h 3c - c - o - c - c = c
u  O“ 2 n
- c - o - c - c h 3
4A .2 .1 Esterification of 2-Butyne-l ,4-Diol to 2-Butyne-l,4-Diol Diacetate 
Materials
1.2-Butyne-l,4-diol and acetic anhydride, both from Aldrich, were used 
without further purification. Although two moles of acetic anhydride is needed for 
every one mole of the butynediol, an excess of the anhydride was used. The 
reaction was performed in a 2-neck, 250-mL round bottom flask equipped with a 
condenser, thermometer, and a magnetic TE stir bar. Heating was accomplished 
with a heating mantle controlled by a variac.
Synthesis
1.2-Butyne-l,4-diol (17.2275 g, 0.2001 mol) and acetic anhydride (42.5 
mL, 0.450 mol) were added to the round bottom flask. At 50°C the colorless
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liquid became amber in color as the diol began to dissolve; at 80°C the solution 
turned a pale yellow color. The mixture was heated to reflux, between 95 and 
100°C, for 2 hours. After cooling to room temperature, the yellow liquid was 
separated via vacuum distillation. Acetic acid was collected at 60°C and 31 grams 
of the ester was collected between 142 and 143° at 18 mm. The pale yellow ester 
distillate was then purified by vacuum distillation and a yield of 30 grams of the 
colorless ester was collected.
4A .2.2 Characterization
Three characterizations were performed on the ester: FTIR, *H-NMR, and 
GC-MS. Two compounds were collected during the separation phase of the work­
up. The FTIR spectra of the acid product compared to a pure acid sample, both 
by NaCl plates, can be seen in Figure 4A.4. The FTIR spectrum of the butynediol 
diacetate (b), compared to the spectrum obtained from the Sadder indexes31 (a), 
is found in Figure 4A.5. A list of FTIR peaks for the diacetate is in Table 4A.3. 
Since the ester is a symmetric molecule, the peak for the C-C triple bond does not 
appear.
Figure 4A .6 shows the !H-NMR spectrum of the diol diacetate in 
chloroform-d,, while Table 4A.4 is a list of its peaks, and the integration results.
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Figure 4A.7 shows the GC-MS data of the ester (b) and fragmentation occurrence 
(a), while Table 4A .5 lists the mass per charge (m/z) of the most likely 
fragmentation compounds. The wavey lines and the corresponding numbers, in 
Figure 4A.7 (a), illustrates where fragmentation can occur. This is represented 
in the first column of Table 4A .5. The second column of the table is the m/z 
value of the unit(s) lost when a given fragmentation occurs. The third and fourth 
columns are the m/z values of the symmetrical ester compound if fragmentation 
occurred at one end or both ends, respectively. The most prevalent fragment 
peak, as seen in Figure 4A.7 (b), is located at m/z =  43, which corresponds to 
fragmentation 2.
4A.2.3 Results and Discussion
Following the procedure described, the production of the ester was 
successful. The acid product produced was removed by distillation, analyzed by 
FTIR, and compared to a pure glacial acetic acid sample. Both spectra were 
nearly identical, therefore, no further testing of the acid was conducted. The 
FTIR spectrum of the ester product was also compared to the literature spectrum. 
Both spectra were identical.
Further testing by GC-MS and JH-NMR spectroscopy confirmed the
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synthesis of the diol diacetate. Two singlet peaks in the NMR spectrum expected 
for the diacetate compound are listed in Table 4A .4. Integration of the peaks gave 
two hydrogens for the peak at 4.90 ppm, and three for the peak at 2.25 ppm. In 
the GC-MS, methyl esters usually lose the methyl group and the CH3C (0)- group, 
indicated in Figure 4A.7 (a) by fragmentations 1 and 2, respectively.
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Table 4A.3 FTIR data of 2-butyne-l,4-diol diacetate.
Wavenumber/cm1 Intensity Description
2950.6 w CH stretch (CH3-C)
1754.1 vs, br C = 0  stretch
1434.2 m CH2 deformation
1229.4, 1159.0 vs C-O-C antisymmetric stretch
608.8 s O-C-O bend
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Figure 4.6 FTIR spectra of the (a) literature and the (b) experimental butynediol diacetate on NaCl 
plates.
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Table 4A.4 ‘H-NMR data of 2-butyne-l,4-diol diacetate in chloroform-d^
Peak/ppm Multiplicity Integration Description (H)
4.90 s 2 CH2- next to RC02- 
and aC-C triple bond
2.25 s 3 CH3- next to a carbonyl
r\
  _____________________________ j ,
0
ppm
Figure 4A.6 P ro to n -N M R  spectrum of the butynediol diol diacetate in CDC13.
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Table 4A.5 Fragmentation numbers of 2-butyne-l,4-diol diacetate.
Number One group off 
(m/z)
Remainder of the 
compound after 
one group breaks 
off (m/z)
Remainder of the 
compound after 
two groups break 
off (m/z)
1 15 155 140
2 43 127 84
3 59 111 52
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Figure 4A.7 The GC-MS (aj fragmentation pattern and (b) spectra data.
166
4A .2.4 Conclusion
The esterification procedure by Hennion30 was accomplished with ease and 
with relative speed. During this synthesis, two products were formed, acetic acid 
and the desired ester. The products were separated, and the ester was purified by 
distillation. Testing by FTIR spectroscopy confirmed that the acetic acid and the 
diester were formed. The other characterizations performed on the diol diacetate 
compound further verified the success of the ester synthesis.
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4A.3 1,2-BIS(ACETOXYMETHYL)-o-C ARBORANE
Once bis(acetonitrile)-decaborane (BAND) and l,2-butyne-l,4-diol were 
obtained, reacting them would give 1,2-bis(acetoxymethyl)-carborane (BAMC), the 
precursor to the starting material, as shown in equation (4).
B10Hi2(CH3CN)2 + R -C EC -R * ----- — -
R-C\oP“R‘ + 2 CHjCN + h 2 
B10H10
(4)
R, R’ ■ CH3C02CH2—
A simpler route to BAMC can also be accomplished by reacting the
acetylenic compound directly with decaborane. The triple bond inserts itself 
across the open face o f the decaborane-complex to give the desired product, the 
lewis base, and hydrogen gas, illustrated in equation (5). By this method, the 
intermediate, bis(acetonitrile)-decarborane (BAND), is made in situ13*9. In fact, 
when BAND is not isolated a higher yield of the carborane product is obtained29.
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CH3C 0 2CH2 — C SC — CHj COjCHj
2 CHjCN
CHj COjCHj ~ ° \~ O p ~  CHjC02CHj + Hj f + 2 CHjCN
(5)
Since an explicit route to BAMC with specific conditions was not found, we 
decided to modify another carborane synthesis, that of 1 -isopropenylcarborane32.
4A.3.1 Synthesis of 1,2-Bis(Acetoxymethyl)-Carborane 
Materials
The recrystallized BAND, toluene (Fisher), and the synthesized butynediol 
diacetate were used without further purification. The reaction was performed in 
a 1-neck 100-mL round bottom flask equipped with a condenser encased in dry 
ice, and a magnetic TE stir bar. A heating mantle controlled by a variac was used 
to heat the reaction.
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Synthesis
Bis-(acetonitrile)-decaborane (0.5027 g, 0.0025 mol), the acetylenic 
compound, butynediol diacetate, (0.1888 g, 0.0011 mol), and 10.0 mL of toluene 
were added to the round bottom flask with stirring33. The solution was refluxed 
for 34.5 hours, between 108 and 109°C. During this time, the cloudy white 
mixture changed from pale yellow, to greenish-yellow, then to a deep yellow, and 
eventually becoming orange in color. After the mixture cooled overnight at 
ambient temperature, an orange powder was collected by vacuum filtration and 
washed with a small portion of toluene. The powder was air dried overnight. The 
orange filtrate was still cloudy, indicating that not all the solid precipitated. The 
filtrate was re-filtered and a dark yellow precipitate was collected, washed with 
toluene, and air dried. Both the powders became light yellow in color after 
drying.
4A .3.2 Characterization
The FTIR spectrometer was the main instrument used to characterize 
bis(acetoxymethyl)-carborane (BAMC). A Nujol mull and a KBr pellet were made
“ According to the 1-isopropenylcarborane experimental procedure heat would be evolved during the 
reaction. However, heat was not evolved during our reaction so a heating mantle and variac were used 
to heat the reaction.
170
of the synthetic compound, however, KBr gave the best spectrum. The spectra of 
the powder (b) collected during the first filtration, and the powder (a) collected 
during the second filtration can be seen in Figure 4A.8. A partial table of the 
FTIR peaks is given in Table 4A.6. A comparison of the synthesized "BAMC” 
and the starting material, BAND, can be seen in Figure 4A.9. The FTIR spectra 
shown in Figure 4A.10 are the filtrate from the BAMC synthesis and pure 99+  % 
spectrometric grade, gold label, toluene. Both spectra were taken using NaCl 
plates.
4A.3.3 Results and Discussion
A short procedure for the synthesis of BAMC in the literature was sketchy 
at best and not very specific32. Therefore, the synthetic method described above 
was a modified version for the preparation of 1-isopropenylcarborane32. 
Unfortunately, this method was not successful. Some solid, probably the 
bis(acetonitrile)-decaborane, did not go into solution. Refluxing at a higher 
temperature was probably necessary. However, chemistry did occur since color 
changes were evident. The dry ice was unnecessary for our purposes because the 
reaction was not exothermic.
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The lack of the carbonyl peak, in the 1765 to 1720 cm*1 region, and the 
CH3-C- stretch, between 2970 and 2850 cm*1, indicates that no carborane-ester was 
formed. Even though the carborane-ester product was not made, the color change 
of the reaction indicates that some kind of chemistry occurred. Unfortunately, the 
exact chemistry is unknown.
Although samples made with KBr pellets gave better FTIR samples than 
those with than nujol mulls, wet KBr could account for most of the moisture peaks 
seen in Figure 4A.8. Figure 4A.8 shows a comparison of the FTIR spectra of the 
products from the BAMC synthesis. The product recovered from the first 
filtration (b) and from the second filtration (a) were the same, however, they were 
not BAMC. Likewise, a comparison of the filtrate spectrum with pure toluene, 
shown in Figure 4A.10, indicated that toluene was the most prevalent compound 
in the filtrate. Although a small amount of the BAND monomer was evident in 
the filtrate solution, this fraction could not be collected.
The product synthesized from the BAMC reaction was not actually BAMC, 
but neither was it BAND. The characteristic BAND peaks such as the B-H stretch 
at 2528.8 cm*1 and the nitrile (CN) stretch at 2362.0 and 2259.6 cm'1 could be 
found, which is illustrated in Figure 4A.9. However, the C-H stretches around 
2900 cm*1 were lacking.
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4A.3.4 Conclusion
The modified version of the 1-isopropenylcarborane procedure turned out 
to be unsuccessful, and the work-up was complicated. Before any further 
characterizations of the product from the BAMC synthesis were performed, it was 
found that BHMC was available from the Dexsil Corporation.
Table 4A.6 FTIR data of product from the l,2-bis(acetoxymethyl)-carborane synthesis as a KBr 
pellet.
Wavenumber/cm1 Intensity Description
3232.2 s, br O-H stretch
2528.8 w B-H stretch
2362.0, 2259.6 w aliphatic nitrile (CN) stretch
18
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APPENDIX B
4B.1 Synthesis of the Disodium Salt of Bisphenol A, Using Sodium Hydride 
Materials
BP A (Aldrich) was recrystallized from toluene. The solvent was anhydrous 
tetrahydrofuran (THF), from Fisher, which was distilled from calcium hydride 
(CaHJ, from Aldrich. Sodium hydride (NaH) (60% wt. dispersed in mineral oil) 
from Aldrich was used without further purification, and the mineral oil was not 
removed34,35.
A 3-neck 100-mL round bottom flask, equipped with a TE stir bar, was 
washed, oven dried, and flushed with nitrogen gas. A rubber septum was attached 
to the middle neck while the other necks were outfitted with a gas inlet and a gas 
oudet. Two mmoles of NaH were needed for every one mmole of BPA, however, 
an excess of the NaH was used.
"According to Brown, the oil is soluble in THF and will not interfere with the reaction.
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Synthesis
NaH in oil (0.5833 g), or NaH dry (0.3500 g, 14.6 mmol), was added to 
the 100-mL 3-neck round bottom flask. Under a nitrogen atmosphere, 42.5 mL 
of THF was added to the NaH with stirring. BPA (1.6665 g, 7.3 mmol), 
dissolved in 8.6 mL of THF, was added drop-wise to the NaH/THF solution. The 
clear gray solution turned milky white, and hydrogen gas evolved. The clear 
solution was decanted, then vacuum filtered. The white precipitate was dried 
under vacuum for 2 hours at 50°C, then dried for 1 hour at 128°C.
4B. 1.1 Characterization
The FTIR spectrum of the disodium salt of BPA, as a KBr pellet, can be 
seen in Figure 4B. 1. A comparison of the FTIR spectrum of the filtrate, from the 
BPA salt synthesis, with pure THF can be seen in Figure 4B.2. Both samples 
were analyzed using NaCl plates. The *H-NMR spectra of BPA (a) and the 
disodium salt of BPA (b), in DMSO-d6, can be found in Figure 4B.3. Tables 
4B.1 and 4B.2 list the NMR peaks for BPA and its salt, respectively. In all of the 
NMR spectra for any of the salt compounds integration of the peaks was not 
performed. The addition of the sodium unit seems to affect the relative ratios of 
the peaks, such that they could not be analyzed.
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4B.1.2 Results and Discussion
A clean FTIR spectrum of the disodium salt of BPA could not be obtained, 
even after drying the salt and the KBr in an oven overnight at 105°C. An O-H 
stretching peak at 3500-3300 cm'1 was evident. Unfortunately, the peak could 
either be interpreted as an alcoholic stretch or attributed to external moisture. The 
proton-NMR data could not be used to establish if the BPA salt was formed, 
however, the decrease in the intensity of the peak around 9 to 8 ppm, believed to 
be the alcoholic proton, seemed to indicate the formation of the salt. Therefore, 
the BHMC salt synthesis was performed next.
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Table 4B.1 The NMR data of BPA in DMSO-d6.
Peak/ppm Multiplicity Integration
\
Description (H)
9.10 br, s 1 O-H
6.94 d 8 aryl H next to OH
6.59 d aryl H next to 
isopropylidene group
3.34 s — absorbed water in 
solvent
2.49 s — DMSO-d6
2.06 d — impurity
1.51 s 6 c h 3
Table 4B.2 The NMR data of BPA salt in DMSO-d6.
Peak/ppm Multiplicity Description (H)
8.32 s O-H
6.86 d aryl H next to O-H
6.50 d aryl H next to 
isopropylidene group
3.42 br, s absorbed water from 
solvent
2.50 s DMSO-d6
2.09 s impurity?
1.50 s c h 3
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Figure 4 B J  Proton-NMR spectra of (a) BPA and the (b) BPA salt in DMSO-d,.
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4B.2 Synthesis of the Disodium Salt of Bis(Hydroxymethyl)-o-Carborane,
Using Sodium Hydride and THF
Materials
Bis(hydroxymethyl)-carborane (BHMC), from Dexsil, was used without 
purification. 100 mL of pentane (Fisher) was distilled, and NaH, 60% wt. 
dispersed in mineral oil (Aldrich), was used without further purification. The 
reaction was run with7 and without the removal of the oil.
Synthesis
In a 3-neck 100-mL round bottom flask NaH-in oil (78.30 mg, 8.61 mmol) 
was added. Enough pentane was added to the flask to cover the NaH, dispersed 
in oil. The solution was stirred until the NaH powder was well dispersed. The 
flask was tilted and the solid was allowed to settle. The oil, in pentane, was 
withdrawn using a disposable pipet. The procedure was repeated twice more to 
remove all of the oil. Then, 50 mL of anhydrous THF was added to the dry NaH 
powder followed by the addition of the BHMC/THF solution (585.9 mg, 2.87 
mmol) via a syringe. Hydrogen gas was evolved. After 15 minutes no more H2 
was evolved, however, the solution was allowed to stir for another hour. The 
excess NaH was allowed to settle to the bottom of the flask, and the solution was
184
decanted and gravity filtered. A viscous solution was collected, and the remaining 
THF was removed by rotovap. White crystals were then extracted with hexane. 
An oily yellow viscous substance, containing some more crystals, was also 
collected. The crystals were separated and vacuum dried at 91°C for 2 hours.
4B. 2.1 Characterization
The FJTIR spectrum of the disodium salt of BHMC, as a KBr pellet, was 
compared to the pure BHMC monomer, as seen in Figure 4B.4.
4B.2.2 Results and Discussion
The product obtained was an oily residue containing some crystals. The 
crystals were analyzed by FTIR spectroscopy, and although the B-H stretch, 
indicative of the carborane cage was evident, so was an O-H peak. However, this 
peak could be due to external moisture. Trying to purge the FTIR instrument with 
nitrogen gas, to remove excess moisture, was not very successful. Therefore, it 
was assumed that the salt was made and another solvent was tried. DMSO was 
chosen because making the salt in situ would be more efficient than first isolating 
the salt.
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4B.3 Synthesis of the Disodium Salt of Bis(Hydroxymethyl)-0 -Carborane,
Using NaH and DMSO
Materials
Same as above, except the solvent, DMSO, was distilled from CaH2. The 
reaction was also run with and without the removal of the oil.
Synthesis
NaH (78.3 mg, 3.264 mmol-- NaH in oil and 47.0 mg, 1.959 mmol—NaH) 
and the BHMC/DMSO solution (22.60 mg, 0.1106 mmol in 6.0 mL DMSO) were 
used in the synthesis. The white salt was dried in a vacuum oven for 1.25 hours 
at 58°C, then at 110°C for 1 hour.
4B. 3.1 Characterization
The FTIR spectrum of the disodium salt of BHMC, as a KBr pellet, was 
compared to the pure BHMC monomer, as seen in Figure 4B.5. The filtrate from 
this synthesis was golden orange in color, but over time, the solution gradually 
became lighter until it was pale yellow in color. Figure 4B.6 shows the FTIR 
spectra of pure DMSO, the filtrate when it was golden orange, and the filtrate
187
when it was pale yellow. All three samples were tested using NaCl plates. 
4B.3.2 Results and Discussion
Using DMSO seemed like a good idea, because if the synthesis was 
successful, then the formation of the salt could be made in situ. Surprisingly, the 
salt was not formed in DMSO. Comparing the FTIR spectrum of the salt with that 
of BHMC, it is evident that the O-H peak has greatly diminished. However, there 
is no evidence of the B-H peak, unless the large, broad peak in the 3000 to 2800 
cm'1 region is the B-H peak only shifted, which is doubtful. The filtrate, in both 
color stages, from this reaction were also analyzed by FTIR spectroscopy, and 
compared to the FTIR spectrum of pure DMSO. They are all similar. The only 
mystery is the disappearance of the carborane cage. It is not evident in the salt 
spectrum, nor in the filtrate spectra.
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CHAPTER V 
CONCLUSION
5.1 SUMMARY
In the Introduction section, the reason for initiating this research project and 
a general background of some phenomena in space applications were addressed 
while Chapter II discussed the background and synthesis of polysulfone. 
Characterizations performed on the synthesized polymer showed that a high 
molecular weight polysulfone was achieved, using the Jurek and McGrath1 method. 
In Chapter m  various aspects of carboranes were discussed. The following are 
short summaries of the syntheses presented in Chapter IV.
The commercial BHMC and 4-cholorphenyl sulfone (DCDPS) were reacted 
together under the conditions specified in the polysulfone polymerization. 
However, this condensation polymerization was unsuccessful. The "polymer" was 
actually the DCDPS monomer while the BHMC monomer was filtered out during 
the work up stages. Therefore, we decided to try and induce polymerization by 
increasing the reactivity of the BHMC monomer. The formation of the disodium
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salt of BHMC was then attempted.
Sodium metal with THF or ethyl ether resulted in the successful 
formation of the disodium salt of BHMC. The salt from the sodium metal and 
THF reaction was sent to Galbraith Laboratories for elemental analysis. Because 
of solubility problems, the values were not reproducible. The preliminary values 
reported were lower than expected, although boron and sodium were both detected 
in the sample in roughly the correct proportions.
The condensation polymerization reaction, using the BHMC salt, was run 
for 3 days at 155-166°C. However, the polymerization was unsuccessful. Similar 
to the condensation polymerization using the BHMC monomer, DCDPS was found 
to be the product while the salt of BHMC was filtered out during the work up 
stages. Although the salt of BHMC was assumed to be more reactive than the 
original monomer, no actually testing of its reactivity was performed. Perhaps if 
the reaction conditions were more demanding (i.e. higher temperatures and longer 
reaction times) the polymerization would have been successful. We suspect that 
the disodium salt of BHMC might have only been partially soluble in the solvent. 
Maybe under the new conditions described above, the salt of BHMC might become 
fully soluble in the aprotic solvents.
Through the phase-transfer catalysis (PTC) reaction using dicyclohexyl-18- 
crown-6 (DC-18-C-6), an oligomer was apparently formed via an ether linkage.
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Unfortunately, the molecular weight of this compound could not be determined by 
GPC since we do not have low molecular weight standards for comparison. The 
elemental analysis, FTIR, and NMR spectral data indicate that a product was 
formed which contain boron and sulfur. However, GPC and melting point data 
suggests that perhaps two products were recovered. The problems with solubility, 
experienced by three different laboratories, leads us to believe that the product or 
products formed from this synthesis are vastly different than the starting materials.
Although sodium and potassium salts of BHMC were thought to have been 
made, the sodium salt seemed very unreactive in the condensation polymerization, 
while the potassium salt was thought to have been slightly reactive in the PTC. 
Not much is known of the reactivity of the BHMC monomer. Perhaps, if another 
monomer was used, one that did not have a strong electron withdrawing group, 
or if the distance between the terminal groups and the withdrawing group was 
extended, the polymerization might occur. One drawback is that the concentration 
of boron (%B) per repeating unit would decrease.
A study of the reactivity of BHMC and its dihalide salt, and 
bis(hydroxyethyl)-carborane (BHEC) and the salt of BHEC would be informative. 
Reacting the carborane compounds and their salts separately with acetyl chloride
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or chlorotrimethylsilane will test the nucleophilicity of these reagents2. If the 
ester is made, then the electron deficiency of the carborane is not a major factor 
for the failure of the polymerization. If the ester is not made, then the failure 
could be largely attributed to the carborane.
The nonreactivity of the BHMC and the dihalide salt of BHMC could be 
attributed to the strong electron deficient nature of the carborane polyhedron. 
Since DCDPS is an electrophilic compound, the results from the condensation 
polymerization lead to the conclusion that the electron withdrawing power of the 
polyhedron will not promote nucleophilic substitution by the, likewise, strongly 
withdrawing power of the sulfone unit. Once again, the suggestion of extending 
the chain length to lessen the withdrawing effect of the polyhedron comes to mind, 
although one does risk adding more "weak” or labile links to the polymer chain.
Another aspect for the lack of reaction for the condensation polymerization 
could be the bulkiness of the carborane. These steric influences of the carborane 
could be a factor. In the BHMC monomer, the short carbon-carbon bond length 
and the bond angles of the carbon substituents may be in such an orientation that 
a (linear) link can not be made3. This is a plausible explanation since BHMC 
tends to form exocyclic structures4. A hypothetical orientation of the bond angles
2Professor Klavetter private communication.
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of the BHMC substituent is shown below.
oh OH
Perhaps by adding another CH2 group in the BHMC chain, a linkage may 
be feasible. This idea sounds promising since 1,2-bis(hydroxyethyl)-carborane 
(BHEC) has a tendency to form linear chains5. Also by adding an extra CH2 to 
the BHMC backbone, the electron withdrawing power of the carborane may lessen 
and the end functional groups will not be as affected by the electron deficient 
polyhedron which may also lead to the formation of an ether linkage.
Likewise, the addition of another CH2 unit to the DCDPS unit or the use 
of 4 ,4’-sulfonyldibenzylalcohol may lessen the withdrawing power of the sulfone 
if  the distance from the sulfone unit is increased. A problem with the extra 
methylene units is the reduction in the boron concentration of the polymer.
The use of another carborane isomer may prove to be successful in the
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poly condensation synthesis. The o- and m- isomers degrade in the presence of 
very strong bases, however p-carborane compounds do not4.
The disodium salt of BHMC was made by using NaH/THF, Na metal/THF, 
and Na metal/ether. However, the procedures which used sodium metal were 
found to be the easiest. The condensation polymerization using the disodium salt 
was not successful. Perhaps if another monomer was used, instead of BHMC, 
which had more chain length or another group that could weaken the withdrawing 
power of the boron cage, then the polymerization might be successful.
Finally, the phase-transfer catalysis (PTC) was apparently successful in 
producing an oligomer instead of a high molecular weight polymer. However, the 
joining of a strongly electron withdrawing group with a very electron deficient 
group was no easy feat, and the reaction took place under very mild conditions 
(i.e. ambient temperatures, low boiling organic solvents, 24 hour reaction period, 
and at atmospheric conditions). Rather than conducting condensation 
polymerizations, further work in the synthesis of carborane-based polymers or 
oligomer should utilize the PTC method.
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